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(a) Electrical stimulation of human skeletal muscle using these

conditions results in a decrease in torque and a decrease in the area

under the negative deflection of the EMG signal recorded from the

stimulated muscle. The degree of torque loss and of EMG area decrease is

dependent upon the frequency Find amplitude of the stimulation; (b) The

amplitude of stimulation (mA) necessary to bring about 50% MVC of a given

muscle group is dependent upon the frequency of the stimulating current.

All of the frequency combinations used in this study were capable of

stimulating the quadriceps femoris muscle to 50t MVC; (c) Subjects pain

tolerance is contingent upon the stimulating frequency and the amplitude

of stimulation. Variations in either burst mode or carrier frequency of

a stimulating current can alter a subject's pain response; (d) When

torque production decreases as a result of electrical stimulation, an

increase in current amplitude will re-establish the desired torque level

(50% MVC); (e) In the context of this study, there was no correlation

between torque and E1G changes followinq electrically induced muscle

stimulations; (f) In addition to the discomfort encountered during

electrical stimulation of the quadriceps femoris muscle to 50% MVC, there

may be delayed onset of muscle soreness occurring 24 to 43 hours after

stimulation.

/ ,*
James Grattan Rooney

Date



ABSTRACT OF DISSERTATION

EFFECT OF VARIATION IN THE BURST MODE

AND CARRIER FREQUENCY OF HIGH INTENSITY

ELECTRICAL STIMULATION ON MUSCLE FATIGUE

AND PAIN PERCEP'TION OF HEALTHY SUBJECTS

This study determined the effects that electrically stimulating human

skeletal muscle at various combinations of burst modes and carrier

frequencies ha e on muscle ftigue and pain perception. It was carried

out on 27 healthy subjects. An Electrostim 180 2i that was capable of

delivering nine combinations of burst mode and carrier frequency was used

as the stimulating unit. Subjects were stimulated at a current amplitude

sufficient to produce 50% of their maximum voluntary contraction (MVC)

and received a series of can electrically induced contractions at each

frequency combination. A 15-second stimulation followed by 50 seconds of

rest was tne duty cycle utilized. The Cybex II dynamometer was used ti

record the torque data and the Cadwell 5200A registered tne EMG signals.

The results of the data analysis allow hl_.,_ ollowingfconclusions to e

drawn . " ..
), .:,,.'. ..' , ." _,... X

- - . _W !
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Chapter 1

IN2RODUCTION AND THE PROBLEM

Claims of using electrical stimulators to develop muscle strength

(torque, force), improve athletic performance, and increase muscle size

have intensified interest in this modality as a rehabilitative and

perEormance enhancing tool (Currier & Mann, 1983; Gould, Donnermeyer,

Ga=non, Pope, Ashikaga, 1983; McMiken, Todd-Smith & Thompson, 1983;

Haltack & Straus, 1980; Johnson, Thurston & Ashcraft, 1977; Kots, 1975;

Kots, 1976; Kramer & Mendryk, 1982; Kramer, 1987; Laughlian, Yodas,

Gurrett & Chao, 1983; Morrissey, Brewster, Shields & Brown, 1985; Nitz &

Dobner, 1987; Owens & Malone, 1983; Peckham, Mortimer, Mursolais, 1975;

Romero, Sanford, Schroederm & Fahey, 1982; Selkowitz, 1982; Stanish,

Valiant, Bonen & Belcastro, 1982). Kots' claims in 1975 and 1976 of 100%

increases in strength of untrained healthy subjects and 40% increases in

strength of trained athletes served as the impetus to these

investigations (Kramer & Mendryk, 1932). Kots stated that in order for

electrical stimulation (ES) to be effective, two criteria must be met.

First, the current must be one of adequate magnitude and frequency to

produce strong tetany in the muscle, and secondly, the stimulus must be

relatively toleraDle. Many researchers have shown that ES without

voluntary effort can increase muscle strength (Currier & Mann, 1933;

Halbach & Straus, 193); Kots, 1977; Kramer & Semple, 1933; aughunan,

Yodas, Glarrett & Chao, 1933; Liu, 1984; McMiken, Todd-Smith & Thompson,

1933; NDbbs, Rhodes, McKenzie, Taunton & Mattison, 1982; Owens & Malone,

1983; Romero, Sanford, Schroede m & Fahey, 1982; and Selkowitz, 1982).

However, these researchers report that patient discomfort is a major

1
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drawback to this treatment technique. Kots' reports of stimulating

subjects to 120% of their maximum voluntary contraction (MVC) level

without pain have not been substantiated by these other studies.

Kots noted that by using a 2,500 Hz carrier frequency modulated at

50 bursts per second, an adequate pain free training effect could be

elicited. Kots attributes the pain free characteristic of this

combination of frequencies to the currents blocking the pain input of

small afferent nerve fibers by activation of the larger efferent motor

fibers (Balogun, 1937). Vodovnik, et al. (1965) and Crochetier, et al.

(1967) reported decreased skin sensitivity to ES while using frequencies

above 500 Hz. Frequencies above these levels apparently do not initiate

a pain response from sensory fibers (Li & Bak, 1976). Therefore,

frequencies of greater than 500 Hz seem to satisfy Kots' second criterion

for an effective stimulus-i.e., a relatively tolerable stimulation. It

may be that the 2,500 Hz carrier frequency advocated by Kots produces an

anaesthetic effect. However, frequencies of greater than 500 Hz do not

produce optimum muscle torque. Stimulating frequencies of greater than

500 Hz may be stimulating a muscle during its absolute refractory period

(ARP) and be too rapid to fully activate the muscle for optimal torque

production (Massey, Nelson & Sharkey, 1965). Moreno-Aranda & Seireg

(1981) reported that the ARP for skeletal muscle was approximately 4 to 5

ms. Tnis reduced torque response means that for optimum performance a

muscle should be allowed to rest at least 5 ms. between contractions.

These authors reported that maximum muscle force of the quadriceps

femoris muscle is produced at frequencies between 70 and 150 Hz.

Edwards, Young, Hosking & Jonas (1977) reported that the frequencies of

electrical stimulators used to produce tetanic muscular contractions
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range fron 33 to 1,000 pulses per second. The reported studies using

this wide range of frequencies, coupled with variations in wave forms and

current amplitudes have made comparing and evaluating them very

difficult. The present study will provide informAtion on the effect that

various combinations of burst frequency and carrier frequency have on

pain perception and muscle force (torque). A carrier frequency is a

continuous fast rate of pulses. When this carrier frequency is

interrupted (modulated) to provide groups of these fast rate of pulses,

the group or package of pulses is then called a burst.

Fatigue is another-aspect of muscle performance that will be

assessed during this research. Exercise physiologists report that the

stimulus for muscle growth is the tension developed within the muscle

(Astrand & Rodahl, 1977; Edington & Edgerton, 1976; Goldberg, Etourger,

Goldspink & Jablecki, 1975; and McArdle, Katch & Katch, 1986). The

greater the muscle tension developed during each contraction, the greater

the potential for growth. If a muscle could be stimulated maximally

during each contraction of an exercise bout without fatiguing, maximal

torque could be developed with each repetition. These maximal

contractions would then potentiate optimal strength gains. Kots

s:-mula ed sub3ects to 200% of their MVC and reported minimal fatigue

occurring during 10 contractions (Kramer & Mendryk, 1982). However,

Carrier & Mlann (1993), using electrical stimulation said to duplicate the

characteristics described by Kots and stimulating sufficiently to produce

the equivalent of 60% of a subject's MVC, reported significant muscle

fatigue (torque decrement/electrically induced contraction) during a bout

of 10 electrically stimulated contractions. Selkowitz (1985) and

Moreno-Aranda & Seiceg (1981) also showed fatigue while stimulating
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muscles at various burst frequencies and carrier frequencies. If Kots'

claims of minimal fatigue during maximal electrical stimulation could be

duplicated clinically, an ideal training vehicle would exist. Maximal

pain free muscle contractions with minimal fatigue would allow optimal

activation of all the responding motor units during each repetition of an

exercise bout. Selkowitz (1935) has shown that there is a direct

relationship between the intensity of stimulation and strength gains

during the ES of normally innervated muscle.

Gollnick (1973a,; 1974a, b) found that muscle contractions of less

than 20% of a muscle's MVC utilized slow twitch muscle fibers, while

tensions exceeding 20% of the MVC called for the addition ot fast twitch

fibers. Goldnick's work supports the "size principle' espoused by

Henneman (1965) and confirmed by electromyographic studies using fine

wire electrodes (Hannez, 1974) and bipolar surface electrodes (Gydikow &

Kosarov, 1974). Thefe have also been reports of initial activation of

fast twitch motor units during voluntary ballistic activity (Grimby &

Hannerz, 1977). Apoell reported that during high intensity ES, there is

a reversal of the "size principle" for volitional contractions in that

the largest motor neurons innervating the Type II fibers are activated

first and to a greater degree than Type I fibers (Apoell, 1938). Appell

szeculates that the selective activation of Type II fibers juring nigh

intensity ES may lead to hypertrophy of these fibers. However, the

preferential activation of the fast-fatiguing Type II fibers by ES can

lead to an increased rate of muscle fatigue (Currier & M.ann, 1983;

Peckinan-Barun, 1983). This increased rate of fatigue can have

deleterious consequences during functional electrical stimulation (FES).
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This research project will compare the levels of muscle fatigue

produced by varying combinations of burst frequency and carrier frequency

during an exercise bout and speculate as to the type of motor unit being

activated by the electrical stimulus. The rate of muscle fatigue will be

analyzed and compared with changes in the pre- and post-stimulation

electromyographic signals. I hypothesize that muscle fatigue (torque

decrement) and pattern of EG changes revealed in the raw EMG signals

(pre- vs post-stimulation) are indicative of the early fatigue of the

Type II muscle fibers. This early fatigue of the Type II units may be

one of the reasons for the shift of Type II muscle characteristics to

Type I characteristics during electrical stimulation (Eisenberg &

Salmons, 1981; Eriksson & Haggmark, 1979; Greathouse, 1936 and Heilmann &

Pette, 1979). In athletes performing high intensity ballistic movements

and in the geriatric population--reported to have selected Type II fiber

atrophy (Anlanssen, 1936)--the application of ES to prevent atrophy may

be counterproductive considering Type II fibers take on Type I

characteristics. However, the effect that electrical stimulation has on

a particular fiber type may be related to the frequency and amplitude of

the szimulator (Cabric, Appell & Risic, 19S8). Cabric, et al. reported

changes in the nuclear configuration of both the Ty,>e I and Ii muscle

fioe.rs following ES but showed more pronounced changes in the Type II

fibers. In fact, using a sinusodal wave form with a 2500 Hz frequency

and an intensity of 35 to 45 nA, Cabric reported Type II fiber

hy ertrophy. Minimizing Type II fiber fatigue should allow maximal

muscl- activation, maximize the desired adaptive strength changes, and

minimize the rate of mus:le fatigue.
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The site of muscle fatigue has been debated for the last 60 years

(Bigland-Ritchie, Jones, Hosking & Edwards, 1978; Bigland-Ritchie &

Woods, 1984; Merton, 1954; and Reid, 1928). The areas cited in the

literature are areas that lie within the central nervous system (central

fatigue), the metaoolic and enzymatic processes within the muscle fiber

(peripheral fatigue), and the excitation-contraction coupling process

that tie the central and peripheral elements together. Although

biochemical analysis of the fatigued muscle would be necessary to

objectively identify metabolic changes in the muscle, this author will

speculate on the cause and location of electrically induced muscle

fatigue.

In the laboratory during controlled experiments on animals and in

limited clinical trials on humans, researchers have been able to prevent

muscle atrophy and in some cases, produce muscle hypertrophy (Cabric, et

al., 1988; Greathouse, 1985; Kots, 1976; Munsat, McNeal & Waters, 1976;

and Nitz & Dobner, 1987) by using electrical stimulation. High intensity

ES with pulsed tetanic frequencies are capable of producing the level of

muscle activity necessary to produce adaptive changes in the muscle.

However, these same ES stimulus characteristics (frequencies and

intensity) cause levels of fatigue and discomfort that limit the general

clinical use of ES. Therefore, an optimal frequency combination that

reduces oain and fatigue and yet maintains acceptable torque levels is

ne2ded to make ES a clinically accepted procedure.
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The Problem

Statement of the Problem

The lack of knowledae of electrical stimulation as a therapeutic

instrument has limited the utilization of this modality as a

rehabilitative tool. What are the optimal parameters of electrical

stimulation (amplitude, carrier frequency, pulsed bursts) that minimize

subject fatigue (torque decrement) and yet are capable of stressing

mus:le to 50t 4VC? Defining these parameters would enable physical

therapists to design clinical prograins that minimize muscle fatigue,

prevent muscle atrophy and modulate pain perception.

The purpose of the present study was fivefold. The first objective

was to determine how the amount of electrically induced muscle fatigue

varied with different combinations of carrier frequency and pulsed

bursts. The second intent was to determine the magnitude of current (mA)

necessary to produce 50% of a subject's MVC at varying combinations of

carrier frequency and bursts. The third goal was to examine a subject's

response to the various combinations of carrier frequency and bursts to

dezermine which is the least painful. A fourth objective was to

determine what effect periodically increasing the stimulus frequency has

on fatigue and torque production. The final aspect of this study was to

o~oare E raw :, 3 signals in the pre- and post-exercise periods to the

amount of strength (torque) decrement. Although no biochemical analysis

was o)erfor-ned, the author speculated on the site and cause of

elzctrically inducd muscle fatigue. The null hypothesis was that

variations of carrier frequency and bursts have no effect on the amount

of muscular fatigue or the subject's pain perception, and that there is

no correlation between the raw EMG signals and the amount of muscle
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fatigue. The experimental hypothesis is that there is an optimal

combination of carrier frequency and bursts that sufficiently stresses

muscle to 50% MVC while minimizing fatigue and perceived pain.

Scope of the Study

This study was carried out in two phases on 28 healthy volunteers

between the ages of 18 and 35 years. One subject was unable to tolerate

the necessary levels of stimulation and was dropped from the study. The

majority of the subjects were recruited from physical therapy and

physical education students at the University of Kentucky. Phase I

determined the combination(s) of carrier frequency and bursts during ES

that satisfied the following criteria:

1. Produces a minimum of 50% of each subject's MVC, and
2. Produces the least amount of discomfort to subjects being

stimulated to 50% of their MVC.

These combined conditions are considered the optimum for clinical

electrical stimulation.

Phase II, using frequency information obtained in Phase I,

determined the effect of manually incrementing the current intensity of

this optimum frequency after every series of two muscle contractions by

ES has on muscle fatigue and torque production.

Phase I began with a familiarization session. During this

familiarization session, the subjects' height, weight, sex, and age ware

recorded. The subjezt's maximal isometric knee extensor torque (the

highest torque reading of three repetitions was used as the maximum) was

determined using the Cyoex isokinetic exercise unit, 50% of this maximal

was ised as a target torque during electrical stimulation. Following the

torque measurement(s), each subject was given sufficient time "o

familiarize himself with the Electrostim 180-2i high intensity electrical
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stimulation unit. The Electrostim 180-2i uses surface electrodes.

Subjects were encouraged to stimulate their quadriceps femoris muscles

with a current amplitude sufficient to produce 50% of their measured

maximal knee extensor torque. During the familiarization session,

individual subjects may produce greater or less than 50% of their maximal

torque depending on individual tolerance to electrical stimulation.

Fifty percent of the imaximal torque was a target figure. Following the

familiarization session, there were three additional exixrimental

treatment sessions during Phase I. During each of these three

experimental sessions, edch subject randomly received one of three

predetermined burst modes (50; 70; 90 Hz) combined with a randomly chosen

carrier frequency (2,500, 5,000, 10,000 Hz). In a single test session,

each subject received a series of ten stimulations at an intensity

sufficient to produce approximately 50% of their maximal voluntary torque

to determine the maximal amount of muscle fatigue. Fifteen seconds of

stimulation was followed by a 50-second rest period. Following a

five-minute rest period, each subject received another randomized

combination of bursts and carrier frequencies and the

frequency-torque-fatigue relationship was again determined by assessing

the recorded torque curves. During the course of three treatment

sessions, eac: subject experienced all combinations of the predetermined

frecuencies (total = 9). Immediately following the tenth stimulation

(muscle contraction), the subject rated the pain perception using a 10 cm

visual analog scale. A raw EMS signal was recorded during a maximal

voluntary isometric contraction both pre- and post-stimulation. Adequate

time for warm-up was afforded each subject prior to each experimental

session and consisted of 3 to 5 minutes of stretching the leg muscles
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supervised by a physical therapist. The hamstring, quadriceps femoris

and gastrocnemius-soleus muscle groups were stretched (muscle elongation)

using static stretching techniques. Subjects were positioned to stretch

these muscle groups by the researcher, told to stretch to the point of

tightness and hold for 15 seconds. A minimum of five stretches were

performed for each muscle group. Following Phase I, torque/f requency

graphs were analyzed to determine the optimal frequency (or frequencies)

that produce 50% of a subject's MVC and are tolerable. A two-way ANOVA

with repeated nmasures (frequency and carrier frequency) was used to

analyze the dati. The interaction of carrier frequency and pulsed bursts

on pain, torque, and fatigue was analyzed using a Statistical Analysis

System (SAS) statistical package. The SAS was also used to analyze the

relationship between fatigue and any quantifiable changes in the EMG

signal as well as the relationship that the burst and carrier frequency

combination and the number of mA necessary to produce 50% of each

subject's MVC.

Phase II determined what effect incrementing the intensity of the

optimal frequencies has on fatigue and torque production. The Phase I

optimal combination of frequency and carrier frequency was applied to

each subject. After every two contractions, the intensity of tne

stimulation was increased to subject tolerance in order to maintain

torque levels of 50% MV- to determine the effect this aporoach has on

fatigue. Each subject ceceived ten stimulations at the chosen frequency

and experienced only the frequency combination they found to be most

comfortable during Phase I.

As in Phase I, the 3AS statistical package was used to analyze Pnase

II data. A significance level of .05 was used in the analysis of both
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phases. A correlation between subjects weight and maximal voluntary

isometric torque was also utilized.

Limitations of the Study

This study was designed to determine the combination of burst

frequency and carrier frequency that could produce 50% of a subject's 14VC

and at the same time be tolerable to the subject. Although all the

subjects tested found some combinations to be more comfortable than

others, no subject reported any combLnation--applied at sufficient

current amplitude to produce 50t of their MVC--to be comfortable.

Several subjects complained of delayed muscle soreness occurring 24 to 48

hours after the electrical stimulation. This limitation could not oe

controlled. With encouragement and coaching, all of the subjects, but

one, were able to tolerate the nine frequency combinations.

The use of muscle biopsies to the quadriceps femoris muscle

following voluntary and electrically induced muscle contractions would

have allowed direct observation of the metabolic changes following

exercise.



Chapter 2

REVIE OF LITEIRATUE

This chapter presents a review of literature that focuses on the

clinical proolems encountered when eLectrical stimulation is used to

prevent muscle atrophy and strength loss. Muscle fatigue and the failure

to generate adequate muscle torque, coupled with a patient's inability to

tolerate the discomfort encountered during stimulation are the factors

most often cited as limiting the clinical use of this modality (Halbach

and Strdus, 1980). Although there is little doubt that --4lectrical

stimulation will alter the subcellular and metabolic properties of the

muscle (Cabric, et al., 1988; Ericksson & Haggmark, 1981; Greathouse,

Nitz, Matulionis, & Currier, 1986; and Poormnan & Taylor, 1979), the dual

dilea'ma of fatigue and pain limit its use in the clinic. However,

researchers have shown that by varying the frequency of the electrical

stimulus, a sub3ect's metioolic and pain perceptual response can be

altered (Crocnetiere, Vodovnki & Reswick, 1967; Edwards, 1973; Vadovnik,

Long, Regenos & Lippay, 1965). An optimal frequency or comoination of

bursts and carrier frequency that reduces pain and fatigue and yet

mnaintains acceotable torque levels is need-t :o aaKa electrical

stinulation a viaole clinical tool.

EleczcLcal Stimulation and Muscle Fatigue

The si: of muscular fatigue has baen deoated for tfe lasz 6D years

(Bigland-Ritchie, Jones, Hosking, & Edwards, 1978; Bigiand-Ritchie, 1931;

3igland-Ritcnie & Woods, 1934; Bigland-Ritcnie, Furousn & Noods, 1983;

Edwards, 1975, 1934; Gioson & Edwards, 1985; Merton, 1954; Reid, 1923).

T'ee areas cited in the literature are those that lie wiunin the central

12
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nervous system and cause "central fatigue", the metabolic and enzymatic

processes within the muscle fiber "pecipheral fatigue", and the

excitation-contraction coupling process that ties the central and

pyeripheral elements together. During a voluntary muscle contraction,

there is a chain of events starting with the motor cortex, traversing the

motor tracts to the axon, crossing the myoneural junction, and finally

te, niniting witn the energy de pndent interaction of the ictin and myosin

filaments (Biglaid-Ritcnie, 1931). Admittedly this is a simplistic view

of the chain of motor activity and it must be remembered that there are

many feedbdcK loops in the chain that grade and guide muscle performance

(Astrand & iodahl, 1977; Schmidt, 1983). Edwards (1981) defined fatigue

as the, "inability of a muscle or a group of muscles to sustain the

required or expected force." Any interruption along this pathway could

result in the decrease of muscle force that marks fatigue. Many

researchers view fatigue on a continuuia and oelieve that fatigue results

fron a series of interrelated events occurring at sev-ral points on the

nozor chain. Thes2 interruptions in the chain, be they chemical or

m-chanical, result in a loss of force. In addition, the site or

zo.noination of sizes that fail initially duaring execcise may ae due to

:he -y?e ani intensizy of the exercise (3igianJ-Ritcnie, 1931).

Tne conccep of central fatigue is sjoported by As m-sse (1979; and

:aia (from gLmnd-Ri::nie, 1934). These aitnors :eoorted tnat a m'scle

exn~oized a jreaz- t-aze of force loss during a volintay contraction

tnan recoroed durIng electrical siinmalation. mne authors theorized hAtlt

a loss of drive froit the mo-or coctex was r-esponsible for the loss of

fo-ce during the voluna-ry effort, hence "central fatigue". The -esemccn

of AsM1ssten (1979) and ikai (1961) supports the earlier work of Ausso
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(1915), Reid (1923) and Lippold (1960). Asnussen and Magin (1978) show

that more work could be done following an exhaustive bout of exercise if

subjects engaged in diverginal physical or mental activities during the

rest peria. Here the authors conclude that the balance between the

facilatory and inhibitory impulses in the CNS is changed and consequently

reduces central fatigue. Before 1954, only a fraction of the available

motor units were considered to be activated during maximal voluntary

muscle contrdctions. This misconception made the concept of central

fatigue difficult to study, since all the motor units in a muscle could

not be simultaneously -ictivAted by a voluntary effort. In that year,

ooth Merton (1954) and Bigland & Lipold (1954) showed that in well

motivated suojects, the 14VC of the adductor pollicis muscle could match

the force generated by the muscle during a supramaxitral stimulation of

the ulnar nerve. These studies were duplicated by Belanger and McComas

(1931) and by Bigland-Ritchie, et al. (1973) using different muscle

groups. These findings led these and other researchers to conclude that

either MVC or the supramaximal stimulation of the nerve innervating a

muscle could result in the complete activation of the muscle (Bigland &

Lippold, 1954; Merton, 1954; Edwards, 1975; Bigland-Ritchie, Jones,

Ho-king & Edwards, 1978). These investigators specula!e tnaa during

axiinil m uszle contractions lasting uo to 60 seconds, central faczors

w2re not resonsiole for deccements in muscle force. In fact, Y.:ton,

Hill & Marton (19al) later reported tnat the fDrce lost zcring a

sustained AVC couLd not be resto.--d with dicect stimulation of the motor

cortex or by stimulating the muscle membrane itself. In well motivated

heilthy subjects, there is little evidence supoorting the role of centrAl

fatigue in the force loss noted during exercise that lasts 60 seconds or
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less (Bigland-Ritchie, Johansson, Lippold & Woods, 1983; Bigland-Ritchie

& Noods, 1984; Merton, 1954). During a sustained 14VC (lasting more than

60 seconds) Bigland-Ritchie, et al. (1978) showed that central drive

tends to decline over time and central fatigue may be due to a decrease

in subject motivation or a decrease in motor neuron excitability.

Pandolf (1978) suggests that subject motivation is decreased by pain and

discoinfort in the muscle during prolonged (greater than 60 seconds)

muscle contractlions. The author speculates thit the buildup of lactic

acid rnd tne subsequent decrease in musclh pH stimulate free nerve

endings in the muscle causing Lin and leading to decreased motivation

(Pandolf, 1978). Karlsson, FunderburC, Essen & Lind (1975) also cite

pain from lactic acid accunulation as a limiting factor in exercise which

may lead to decreased central drive. In a recent study by

Biglani-Rizchie, et al. (1936), the authors stated that during

intermittent submaximal voiuntary contractions there is no evidence of

central fatigue in the quadriceps femoris or the adductoir pollicis

muscles. This study confirmed the earlier work of Bigland-Ritchie, et

al. (1933) that reported no evidence of central fatigue during

inteai-:tent submaximal limb exercise lasting up to 20 minutes. Both of

tnase studies conflict with Bellem are's, et al. (1933) conclusion tha-

decrease in cen::al drive is a factor in fatigue.

The argument for fatigue occurring at the myoneural junction during

sum..xinal vointary mscle activity receives little suppoct fron the

current literature (3igland-Ritciie, Fur.us'I & Woods, 1935;

Bigland-Ritchie, Kukulka, Lipold & Woods, 1933; Marsden, Mleadows &

Maecon, 1983; and Merton, Hill & Morton, 1931). Merton's work showing

tna force lost Juring MVC could not be rastored by direct stimulation of
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the muscle fibers offers convincing evidence that fatigue is not taking

place at the myoneural junction during voluntary muscle activity.

Bigland-Ritchie, et al. (1982) confirm Merton's conclusions as does the

work of Hill, McDonnel & Merton (1980). These authors conclude that the

main area of muscle fatigue during a voluntary contraction is in the

contractile apparatus and not the myoneural junction. There is some

evidence, however, that during electrical stimulation at 30 Hz, fatigue

may occur because of reduced excit-ability of the muscle fiber or a

decreased responsiveness at the myoneural junction (Jones,

Bigland-lRitchie & Edwards, 1979). Elmqvist and Quastel (1965) reported

increased release of neurotransmitter substances at the myoneural

junction as the frequency of electrical stimulation increased from 30 to

70 Hz. The rate of fatigue at these frequencies during voluntary

contractions of healthy muscle is not as great because of the natural

progressive slowing of motor unit firing rates during maximal voluntary

efforts. Jones, et al. (1979) reported that oy changing from higiv:r to

lower (80 Hz to 20 Hz) frequencies of electrical stimulation, the force

of a muscle contraction could be maintained and fatigue delayed while

utilizing electrical stimulation. Tne force of an eieczrically

stimulated mascle cont::ition may deoend up:on the s-im-u; laZon c,-euIenCy

(Edwards, 1D73). During a :IVC of the add uctor oolicis m ascle te

initial motor unit firing rate is !00 impalses oer seoonj and

progressively slows to 20 per second in less than one minute. Th4s

decrease in motor unit activation rate anaoles the muscle to .Vintain its

external force development and reduces the rate of fatigue (Marsdon, et

al., 1933). Obviously, this rate of change is not seen with electrically

stimulated contractions because of the constant stimulating frequency
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(synchronous recruitment). The exact mechanism for the slowing of the

motor unit firing rate is not known, but Marsdon, et al. (1983) speculate

that it may be reflexly controlled with the cerebellum setting the

pAttern of muscle activation. 3igland-Ritchie & Woods (1984) also

speculate that reflex feedback fron the muscle is necessary to control

the frequency of activation and consequently, the type and number of

motor units activated. This frequency control enables the muscle to

generate the minimal force necessary for a desired outcome. These

researcners (Marsden, et il., 1933; Bigland-Ritchie & Naods, 1934)

further speculate thit Lhis rate control during a voluntary contraction

prevent,, fatigue at the myoneural junction. This may not be the case

when (lectrical stimulation is utilized.

X recent study by Bigland-Ritchie, et al. (1986) offers further

evidence that as the internal environnent of a muscle changes during the

contractile process, the rate of neuromuscular firing is controlled by a

peripheral reflex within the muscle fibers. These authors monitored the

motoneuron discharge rate during the first 10 seconds of a MVC. The

contraction lasted an additional 10 seconds and then three minutes of

rest was allowed the subject. After the rest period, the motoneuron

discharge rate was again recorded during a KVO andi the rate was fo.Lnd to

be within 95 +/i03 of the initial raz:e. The samn- protocol was followed

on another group of subjects except their circulation was occluded in the

tested extremity during the res: period. 4ith the olood supply occluded,

the motonearon discharge rAte during the second contraction remnfained

de-pressed (Bigland-Ritchie, Dawson, Johansson & Lippold, 1986). The

author:j suibmit this as additional evidence that a paripheral :nechanism

within the mus:le controls the firing rate of the motoneuron during a



18

contraction. rhis rationale may account for the different rates of

fatiguie during voluntary and electrically stimulated muscle dctivity.

Curcier & Mann (1983) reported a 24 percent decrement in the amplitude of

fAtigue curves of the quadriceps fenoris muscle during ten repetitions of

electrical stimulation (2,500 Hz carrier frequency modulated at 50 bursts

per second) compared with a 10 percent decrement in subjects perfoning

voluntary isometric exercise at a similar force. Hoskins, Young,

Duoowitz & Edwards (1978) stated that force decrement during electrical

stimulation was dependent upon the frequency of electrical stimulation.

When stimulating the qUaJriceps femoris muscle at 30 Hz, a 10 percent

decrease in force was reported. With a stimulating frequency of 100 Hz,

a 59.6 percent force (decrement) was noted. This characteristic loss of

muscle force occurred whether the muscle was stimulated directly as in

the Hoskin and Young study or if the femoral nerve was stimulated

indirectly (from Nelson & Currier, 1987).

Peripheral fatigue results from failure of the muscle contraccile

apparatus and yields a decreased force generating capacity in the

individual muscle fibers (Bigland-Ritchie, Furbish & Woods, 1936).

Chnanges in rae contractile apparatus may oe dte to a decrease in energy

sipply or alterations in the contractile neznanism, (Bi;1and-R:cnie, a:

al., 1986; Edwards, 1975; Gioson & Edwar.s, l 35; iultn-n, Sorie: &

So3erlund, 1936). 2he ikrnne-jiae source of energy in the ;num o=s is tha

oraekdown of adenosine triphosphaze (AT?) (Astand & Rdxiahl, 1977). ATP

can !e replenished in the muscle by phospnozreatine (?Or) degradation,

anaerobic glycolysis and oxidative phlosphor-ylation of carbohydrate and

fat. The mianner in which ATP is replenished depends upon the type of

muscular activity. At rest, free fatzy acids constitute th-a main fuel
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supply; during suomaxiaval exercise, glycogen is utilized via oxidative

phiospnoryiation; and during maximal effort, phosphagens and muscle

jlycogen are utilized anaerobically (Astrand, 1977; Hultman, Spriet &

SoderLund, 1986). During different phases of exercise, one fuel source

a-y doininate but the muscle does not utilize one fuel exclusively during

.any phase of exercise. The chemical changes noted during submaximal

exercise can contribute to the loss of force seen with fatigue. The

bLeAkdown of PCr and glycogen during exercise increase the concentration

of lactic acid (LA) and hydrogen ions (H+). These substances diffuse

-airough the surrounding interstitial tissue. The more intense the muscle

contraction, the more H+ ions are produced :nd th_ lower the muscle's pH

bLecanes. Ericksson, Haggmark, Kressling & Karlsson (1931) report that

the mtaoiite changes observed during intense muscular work (decreased

PZr, decreased ATP and decreased glycogen stores) are also seen during

electrically stimulated muscle contractions. The amount of LA and

suosequent H+ ions produced may depend upon the predominent fiber type of

the exercising muscle.

Komi and Tesch (1979) report that muscles with predominant Type I!

fioer cxoposiziois not only produce high torque values, but also have a

greater susceptioility to fatigue tnan nuscLes with preuominan Typ I

fi:zrs. Predominance of fiber ty:e nay ralate to Karlsson's :oservazion

that with Type HI doiniant muscles, more lactic acid is oroau:ed a

given exercise intensity (Karlsson, Sjodin, Jacobs & Kaiser, 1981). Kani

ind Tesch (l.47) cite increased rates of fatigue and increased lactate

formation in muscles rich in Type II fioers. Fitts and Holloszy (1976)

stat th-at Jecreased muscle pHi mignt be resonsioLe for contraction

failure. As the concentration of 2y.pe II fibers increases, the amount of
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LA produced increases (Stainsoy & Eitzirn, 1986; Tesch & Karlsson, 1977;

Tesch, Sjoden, Thorstensson & KArlsson, 1978) Shalin, Edstrom and

Sjoholm (1983) suggest that the decrease in intracellular pH is

assoZiated with inuscle fatigue. Hermansen (1931) demonstrated that the

pH of skeletal muscle decreases from about 7.0 at rest to 6.4 at

exhaustion and speculates that this change in pH is responsible for the

decreased muscle force noted at exhaustion. The author cites previous

studies by Danforth (1935) and Ui (1966) that th: two key enzymes

promoting glycolysis -- phosphorylase and phosphofructokinase -- are

almost completely inhibited at a pH of 6.4. With gLycolySis inhibited,

ATP formation is limited and force production capability decreases. The

incre.ase in H+ ion concentration may also limit tne interaction of

calcium and troponin necessary to combine actin and myosin in the

contractile process (AstranJ & Rodahl, 1977; Basnajian & DeLuca, 1985;

Hermansen, 1981; Robertson & Kerrick, 1979; and Tesch, 1980). All of the

adverse chemical reactions associated with the decrease in pH may

contribute to peripheral fatigue. In addition, the decrease in pH may

cause a reduction in the conduction velocity of tne muscle memorane and

myoclectric shift toward che lower neuromascular firing rate (Basmajian &

DeLuc.a, 1985; Hagberg, 1931; PetrofsKy, 1979; ?etrofsky & Lind, 1930).

Several authors have ied this change in niszular activity, which can be

quantified using surface E£4S (Fow1er, Danta & Giliatt, 1971) to the

decrease in the conduc-ion velocity of :ne sarcolLTia caused by the

increase in lactic acid concentration seen during mulscle fatigue

(Bigland-Ritchie & Woods, 1984; Branan, 1977; Broman & De .ca, 1985; Kami

& Tesch, 1979). These studies were conducted using surface electrodes.
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Blood must circulate through the muscle during exercise to prevent

build-up of matabolities (Basmajian & DeLuca, 1985). However, once the

voluntary isometcic contraction force of a muscle exceeds 15% of its MVC,

the circulation is severely restricted (Bigland-Ritchia & Woods, 1984).

The Olood flow is practically occluded when the voluntary isometric

contniction force reaches 50% of a muscle's MVC (Bonde-Peterson, Monk &

Nielson, 1975). The relative force that occludes a muscle also depends

on the .size of tl muscle and the geoxm try of the fibers

(Bigland-Ritcnie, 1981; Lutt'3ens & Wells, 1983). The diminished

circul-ition prevents reifioval of the muscLe metaolities and the icid

enviforonnt rema ins.

There are several characteristics of motor unit organization that

should be recognized when contrasting voluntary and electrically

stimul ed muscle contractions. During a voluntary contraction, the

motor units ace activated asynchronously. Asynchronous activity causes

various motor units to be active and inactive at different times and

discharge at different rates during the contraction (Basrmajian & DeLuca,

1935). Since the motor units and even the fibers innervated by a single

motor neuron are dispersed thrDugnout the muscle, tnis asynchronous

oahavio)r yields a sntoo:n con.rac-ion (,3gai- -chie, 1933)B. ecause

inlividial oor units are not con:inuously firing, the rate variation

may Jezrease ta=igue. On :he other nand, electrical stimulation

ac:tivates a res.ricted nimber o motor units synchronously because of tne

location of the electrodes, curreat a;mplitude, and the stimulAting

frejuency. Tnis may lead to an increased rate of fatigue.

in a volunta.y coantraction, the smalL fatigue resistant Type I

fibers are activa-ed first. As more force is neeJed, the rate of firing
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of these units is first increased and if more force is needed, the

larger, more powerful TLype II units are recruited. This sequence of

activity is coxmmonly known as the "size principle of lienneinan" (Henneiman,

1965). During electrical stimulation, thare is a reverse of the "size

principle" and the Type II fibers are activated first (Appell, 1988).

Tha Type II fibeY-rs are innervated by large diamneter axons th~at have a

relatively low thres-hold to electricAl stimula.-tion (Solomnonow, Eldred,

Tyrnan & FoSter, 1931). Benton, Baker aaid Bowmnan (1931) ties the greater

rate of fatigue noted with electrical stimulation versus voluntary

activity to the synchromIious and preferential stimulation of the large

diarm!ec axons. This increused rate of fitigue was also noted by Currier

and MIann (1933).

Many of the studies cited have implied that fatigue during a

voluntary muscle contraction is caused by failure at a particular site in

the chiain of events that starts with excitation of the higher mnotor

centers arid culmninates with the interaction of actin and myosin.

However, voluntary muscle actAvity depends upon the proper functioning of

the entire chain and disruption of the chain mray occur at one site or at

several sites simfluItane2ously (Bigland-Ritchie, 1931). Because of:

varaaziocns !I t'h, raor .i: ac:ivizlon olzzarn anj znea range of

fr-eo.uencieas used to ;,-induce_- an elect.ricaly Srtimulazad contraction, t.,e

sit-.- Of muscle facigue 1:aay >-- di.::eren: 4.1an vlna and electricaily

inojuced muscla fatigue ia con~prea.

Functional Elecz~ric-.l Stimulation

In addition to the utrilization- of elcrclsiuain to, oeen

muscla atco-rhy And sz-cength loss, t~iere has ozeen considerable research

into the use of this modality to assi~st atienzs in improving f,,1 : j-onal
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activities following injuries to the peripheral and central nervous

systems (Baker, YeK, & Wilson, 1979; Liberson, Holmquist, Scott & Dow,

1961; Packman-Braun, 1988; Solomonow, Eldred, Tynan & Foster, 1981; and

Waters, McNeil & Perry, 1979). Solomonow, et al. (1982) and

Packman-Braun (1988) cite the nigh rate of muscular fatigue and an

inaoility to achieve finely graded contractile tension as the min

drawLack to the use of electrical stimulation as a functional tool.

Tne Electrotnyographic Signal as an Indicator of Muscle Fatigue

Chunges in the electromyograpliic signal Rave been used as an

indicator of muscle fatigue for: over twenty years (Bro:rn, Bilotto &

DeLuca, 1935; Gatev, Ivanova & Gantchev, 1986; Horita & Ishiko, 1987;

Kadefors, Kaiser & Petersen, 1968; Komi & Tesch, 1979; Kranz, Williams,

Cassell, Caddy & Silberstein, 1983; Lindstrom, Magnusson & Peterson,

1970; Mills, 1982; Shochina, Gonen, Vatine, Mahler & Magora, 1986;

Zwarts, Van Weerden & Haenen, 1937). The current literature describes a

slowing of recorded EMG frequencies as a muscle fatigues (Broanan, et al.,

1935; Horita, at al., 1987; Kranz, at al., 1983; Zwarts, et al., 1987).

An alternative method for arulyzing local muscle fatigue was described by

Hagg (1931). This auchor described a method of counting the numer of

zero rossings of the EMiG signal and postulated tna i dacreas3 in the

nxnoDer of: zero crossings was indicative of muscle fatigue. Inbar, et al.

(193i), :"asuia, Aeyino and Sldoya:ra (1932", and Bsiujian and DeLuca

(1935) also ascribe tnis metnod of measuring zhanges in the frequency

spectrum oy counting zero crossings of the EMG signal. Lindstron, et 11.

(1977) theorized that the slowing of recorded EMG frequencies seen in

muscles fatigued by voluntiry activity was due to a decrease in the

conduction velocity of the muscle fio r (sarcolemna). Recent studies
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agree with Lindstrom's hypothesis (Broan, et al., 1985; Horita & Ishiko,

1987; Komni & Tasch, 1979; Kranz, at al., 1983; Zwirts, et al.t 1987).

These Authors specul.ate that slowdown in the conduction velocity of the

sarcolem:Tu is caused by the accumulation of matabolitieas -- e.specially

lactic acid -- in the Muscle. These authors conclude that the decreased

intracellular pH is mainly responsible for the decrease in the muscle

fiber conduction velocity. Hagg (1981) theorizes that the decrease in

conduction velocity is directly related to the decrease in the number of

zer Q CrOSsi.19S s'?!In in the EMG3 signal during miscle fatigue. Nirz (1984)

cites thle work of Fowler, at al. (1972) who specuihte that changes in the

Area under the negative portion of the compound muscle action potential

re -corded during electromycography are the most accurata instruments to

quantify the number of active muscle fibers during a contraction. A

decrease in the nu-maer of active fibers results in a decraased area -and

mry be indicative of muscle fatigue.

As the force of a -xascle contraction increases, there is a change in

the type, number and rate of motor units firing. -As incras-Ed resistance

is encountered by a muscle, the force of contraction is increased by

either- increa.3ing t-he number of- ac-tive mnotor units or by increasing the

rate of firing of th~e alreaajy active uini:s. Since the signal is a

reafleczion of t~ia a'eecrical activity 3- zi-e contr:acting "micsc .,a A- the3

-e lectrical activizy .s 6eermi-i-a by tne num1-oer of .nozor units recruited

and tneir firing freqguency, znara is a direct ralationsnip oezween tile

E'4 signal and the force ganerazad oy zhe contr.acting m-iscle (3-=-t3-ajian &

DeLuca, 19825, 3igland-Ritc.iie, 1931). Basnajian and De-Luca rev'iewed the

literature from 1952 to 197) and found researchers reported a linear or
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quasilinear relationship between force and EMG (Basmajian & DeLuca,

1985). The non-linear component of the force/EMG relationship occurs at

force levels below 2Nt MVC. The non-linearity may be because of the

relative location of the sloq-twitch and fast-twitch muscle fibers within

the muscle (Basrrjian & DeLuca, 1985). Hultman and Sjoholm (1983)

reported that during a fatiguing electrical stimulation to the human

quadriceps femoris muscle, the amplitude of the recorded EL4G signal and

the muscle force decrease at the same rate. Although there is

considerable variation between muscles, Clanmann (1970) suggests that the

Jajority of fast-twitch muscle fibers are located in the muscle's

surface. Edgarton, et al. (1975) and Johnson, Polgar, Weightman and

Appleton (1973) also reported uneven distribution of fiber types in human

muscles. Saltin and Gollnick (1983) report a tendency forL fAst-twitch

muscle fibers to be more superficial, while Armstrong (1984) -- examining

the rat hindlimb -- also found the fast-twitch fibers to dominate in the

saperficial areas. Other authors speculate that two joint muscles such

as the rectus femoris may have an increased percentage of fast-twitch

mascle fiters when compared with muscles crossing only one joint

(Ga.rett, Seabec, Gilisson and RiooecK, 1987). Bigland-Ritchie (1931)

sJagests tnan u.even fioer distriou:ion miy account for the non-linear

s ace EG/force relationship at low force levels. The snaler Type I

units, recral:ed early in a graded contraction, are located deep in the

muscle anJ woull yield 5aalier E'IG signals because of distance from the

recording elecurode. Tne force level at which new motor units are

recruitd varies from iniscle to muscle. In the Type I dominant first

dorsal interossi and adductor pollicis muscles, all motor units are

recruited by 30 to 5A MVC (Milner-Brown, Stein & Yeian, 1973; Stephens &
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Usherwood, 1975). Garnett, O'Donovan, Stephens and Taylor (1978)

reported that only fast-twitch fibers were recruited past 30% of the 14VC

in the mixed fibe-r type gastrocnemius auscie. In the oiceps brachii -- .3

muscle of mnixed Type I and II fibers -- new motor units ace recruited up

to 85% 14VC (Kukulka & Clamrann, 1981). Petrofsky (1982) reported that by

the time a muscle reaches 50% of its MVC, all1 the motor units are

recruited. Any increase in muscle tension beyond this point is due to

increased motor unit firing.

Th"e fast-twitch fibers are larger thlan the slow-twitch fibers -And

proJuca a higner frequency firing rite and a Larger IEMG signal amplitude

(Bigland3-Ritchie, 1981; iPasmahian & DeLuca, 1985). Muscles with a high

proportion of fast-twitch fib.,;rs also produce mnure muscle torque and

fatigue more easily than muscles composed mostly of slow-twitch fibers

(Komi & Tesch, 1979). Thocstensson, Larsson, Tesch anid Karisson (.1977)

reported that athletes with a high proportion of Type II muscle fibers

were able to generate m~ore torque than those with Type I doininent muscles

(quadriceps femoris tested). Muscles with high percentages of

fast-twitch fibars show a more pronounced shift toward the low frequency

s:,ectr:um (recorde3 witri surffice EYIG) oiuring mu-scle fatigue (Viitaslo &

,Kaci, ].973). ince :n3:s-:ic fib ers are rerJe : he relizionshlip

oaz-4-2en fo-rce and the sirfaze E1 signal oeaomeas linear (Bigland-Ritchie,

1931). ;~osand3 3i=and--Ri-_cni9 (1-933) rep"ort, that a linear

rela:ionsnip oe:ween for:te and EN3 occurs at 3,03o 1VC in musc:-les Of miXias

fioeir vo.Tne Jecreasz in intracalluar p-H s3,en during exercise ::an

cause a decre-ase in the muszile membrane conductivity withl a subsequent

d !crease in the condiction velocity (Jennische, 1982; Jrcharison, 1978).

Tnis dicrease in cond-uction velocity his been reported to cause the
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decreased frequency observed using surface EMIG (Kranz, et al., 1983;

Broman, et al., 1985; Zwarts, et al., 1987; Horita, et al., 1987), while

Mills (1982) speculates that as fatigue progresses the fast-twitch fibers

cease to fire, causing the spectral shift. Mills suggests that zhe fast-

and slow-twitch fibers make up different Areas of the surface EMG

spectrum and as the fast-twitch fibers f-tigue and drop out, the spectrum

slows. Hult-nan and Sjoholm (1983) speculate that during electrical

stim-ilation of skeletal muscle, the Type II fibers cease firing early in

the contraction (because of t ir low resistance to fatigue) causing a

decrease in t:ie amplitude of tne EMG signal. Komi and Tesch (1979)

speculate that muscles with predominate fast-twitch fiber composition

fatigue more rapidly than slow-twitch dominant muscle because they

praiuce more lactic acid during comparable muscle activity. The.ae

autho s report a positive relationship between decreased torque,

percentage of fast-twitch fibers in the muscle, and a shift to lower

frequencies recorded by the surface E-MG during fatigue. Mills (1932)

ties the shift directly to metabolic changes in the muscle. ].abric, et

aI. (1938) postulates that electrical stimulation of a muscle has a more

pronounced effect on fast-twitch fibers than on slow-zwitch com oonents.

Pain AssocaceJ :zh Elect-rical Stimulation

Halo- zh and St-raus I1933) main-Ain chat -n pain anj disconifort

assocuiate wltn the clinical -se of electrical stimilation are the major

1inizations to ihe use of t-iis noJality Zor strength training. Type Ii

muscle fioers are associat_:d with strength while Type I muscle fioers are

domirn- in enaurance activities (AstranI & Rodanl, 1977). Cabric, et

al. (1933) reported that wnen electrical stimulation is used to increase

muscle strength, tne current must be of sufficient strength to pcoduce a
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strong fused tetanic muscle contraction. these authors also showed that

electrical stimulation at relatively high intensities affect the Type II

fibers more than the Type I fibers. Parker (1986) tied the rapid force

rise seen during electrical stimulation to predoninent Type II fiber

-activation. Knuttgen (1976) stated that the most effective means of

increasing muscle strength is to exercise at 100% of the MVC and a

minimum of 50% MAVC is necessary to achieve a trAining effect. IDeVries

(1930) reports tnAt 35% of the MVC is sufficient to reach : t7ainlng

threshold. Selkowitz (1985) cites the work of Kots, who reported using

electrical scimulation At 30; greater than an individual's r4VC to achieve

strength gains. Kots reported no pain with stimulation of this -magnitude

(Kramer, 1987). Owens and Malone (1933) repocted subject discomfort

while trdning their subjects at 60% of their MVC and Currier and Mann

(1933) reported unpleasantness. These authors also noted than when

volunta_-y muscle activity was supoerimposed upon the electrically

stimulated activity, the discomfort decreases. These studies used a

2,500 Hz carrie-r frequency modulated at 50 bursts. Using a similar

current, ,aughlian, at al. (1933) reported no pain in p]atients being

treatea for or-ellofemoral problems. However, the opatients were only

o- ing s-imna:32 :z 33% of :neir !'?;C. ao-ic, et al. (1933), stimula:ing

to pa:is-nzs tleranze, retored no skin diszo:nfort wnen using 2,500 Hz

carrier :_ez~enzv. e:nen sziMlAting sub-jecCs to their maxillal toler-ance,

Karne " 137) reoor:-ed inceased sKin sensitivity At lower frequencies

'20 Hz). -Ic;iken (1953) reporzed little or no pain in subjects

stimula-ed at 30%- AVC (at 70 Hz). Vodovnik, et il. (1965) and

Crochetiere, *t al. (1937) found thit h y could affect subjects' pain

oreption by v-ying tne frequency of the electrical stinul-Ator.
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Vodovnik, et al. (1965) reported -a decrease in pain perception with

frequencies greater than 500 Hz when a sinusoidal wave form was utilized,

while Crochetiere -- using a square wave - found frequencies about 300

Hz to be most coinfortable. Kots suggested that 2,200 to 2,500 Hiz

modulated current has ari anaesthetic effect on the skin an.'I this allows a

nore intense motor stimulation (Kramer, 1987). Maximal muscle force hvis

beean shown to occur at stimulation frequencies ranging frcom 70 to 90 Hz

(Edwards, Young, Hosking & Jones, 1977; rlo:reno-Aranda & Seireg, 1981).

Strength duration curves have been used to demonstrate selective

stimulation Of sensory, motor, And pain fibers. By adjusting the puLse

duration of the stimulating current, specific neurological responses can

be targeted (Alon, 19837). The peripheral nerves are classified according

to their conduction velocity (Li & Bak, 1976). The thinly mylinated

A-delta fibars and the unrnyelinited "C afferents ace thought to conduct

:>ainful stimuli (Perl, 1968; Collins, Nulsen & Randt, 1960). Higher

frequency electrical stimulation is also useful in decreasing impedance

to current flow (eg, 2500-4000 Hz). The higher the frequency, the lower

the tissue impedance. These hig-her frequenc4tes facilitate current flow

across the electrode-skin interface (Cook, 1987). The greater the skin

ress~nz, nemore sioerficia 1 (less nertn)the stimulation.

sinc aoorfibers ar2 generall y locazedl deer thian ain sensitive

:~es(D-Siraroi, Saaoorna & Goilet, 1934; MeIazak, 1975), higher

freq-u;ency stimulation Mal. oIecrease the activity of pain fioers (Alon,

Muscle Sore!ness Associatedl with Exercisea

in'iividiuais engaged in un-accustomed exercise or winen rasuming

training after a layoff fron training, offten experience muscle pain. The
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pain is of two types and results fron different etiologies. Acute muscle

soreness experienced during or innediately after vigorous exercise is

thought to be due to muscular ischemia (Francis, 1983). With ischemia,

the usually diffusaoile end products of exercise (ldctic acid and

potassium in pirticular) accumulate and are thought to stimulate pain

receptors in the muscle. Francis further states tivit this soreness is

not long lasting and begins to subside as soon as the ischemic condition

is resolved. A second type of muscle soreness frequently occurs 24 to 43

hours -after an exercise bout. Tnis type of soreness is often referred to

as "delayed muscle soreness." GArrett (1985) credits Hough (1902) with

first describing and investig~ting this phenonenon. He reported that

this condition was associated with high intensity exercise and that

sudden contractions or jerking motions were associated with the delayed

onset of muscle soreness. Later studies by Asmussen (1956) and Abraham

(1977) are in agreement with the work of Hough (Francis, 1983: Garrett,

1935). Abraham (1977) reports increased levels of nydroxyproline in the

urine of individuals suffering delayed muscle soreness. Hydroxyproline

is a c.m-ponent of collagen and high levels of this amino acid in the

urine nave oen raoorted to indicate the rate of collagen breakdown

(&a:rez:, 1925. Scnwane, W;a:rous, Jonnson -nd A.nstrong (1933) reoor:ed

-na" ni.h Ievels of olood laczic a:i, -- thought to be -a cause of acute

nuszle s D.-ness during and folowin'g exercise -- are not rela-ed to

dellyed mszie sor-eness. W;i:n delayed iulscle soreness, the majority of

inicrosco:Dic zhangas noted in tne muscle fio~cs are in tne Type II fioers

(Friden, Sjostrohn & Etwlom, 1931). The greutest amount of delayed mhuscle

soreness is associated with eccentric exercise (Francis, 1933). McCully

and Faulkner (1935) nave demonstrited that intense eccentric exercise
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causes severe muscle damage while isomaetric and isokinetic exercise do

not. Cote, et al. (1938) confirn this observation and state that damage

done to the muscle fibers during the eccentric phase of muscle

contractions is responsible for the observed muscle soreness.

Suffrn ry

Muscle fatigue is a complex process; the cause of which has been

debLited for rauiy years. Researchers have attempted to isolate a specific

cause of muscle fatigue without consensus. Recent studies indicate that

muscle fatigue induced by voluntary activity may be caused by events that

occur simultaneously or in succession fron the initiation of muscle

activity in the brain to the interaction of actin and myosin at the

cellular lev.el. During a voluntary muscle contraction, there is

asynchronous motor unit activity which reduces the rate of muscle

fatigue. However, during the electrical stimulation of mus:les a

synchronous contraction is observed. This synchronous motor unit

activity hastens the rate of muscle fatigue and may limit the use of this

modality as a training device. in addition to the increased rate of

muscle fatigue reported during electrically induced muscle contractions,

the ain assoziated with electrioal stimulation has limited the clinical

ie :f this -idality. Several resaa-cher-s have :epoLted tha- oy

manipilating ne frequency of ti-e stimulator, a suoject's pain perception

zan te altered.

Auscle fatigue has been tied to decreases in torque prodjction as

wail cis changes in the activity of surface EM3. During prolonged maximal

2iuscie contractions, there ace changes in botn torque production and in

the recorded ;MG dctivity. These c.anges have been tied to the typ_ and

nunoer of motor units activated as fatigue occurs. Researchers have



quantified these changes by using torque curves, counting zero crossi-igs

of the &MG signails, and by measuring the area under the negative

deflection of the E"Gcre
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CHAPTER 3

METHODS AND PROCEDURES

This chapter describes the procedures involved in the present

study. The sections included are: (a) subjects, (D) procedures, and

(c) statistical analysis.

SUBJECTS

Selection of Subjects

The recruitment of subjects for this study began in February,

1988. The recruitment consisted of visiting classes and explaining

the experimentil procedure and asking interested individuals to

volunteer. Pamphlets requesting volunteers were also placed in

student maiiboxes. The majority of the suDjezcs were drawn from the

junior and senior classes of zhe Department of Physical Therapy and

the DeDartnent of Health, Physical Education and Recreation at the

University of Kentucky. All subjects were informed of the testing

procedures, purpose of the study, and risk factors of the study oefore

giving written consent. The study and consent form were approved by

the Bionedizal Huri~an Investigations Review Committee (Ap-ndix A).

Twenty-aight volunteers participated in tha study. One subject was

dropped from tne study wnen sni was unaole to tolerate electricall

s-imla:ion at tne required a-mplizude. Suojects ranged in age from 13

to 35 years, and had : mean hignt of 176.6 cm., and mean vight of

71.5 . Taole 1 displays demographlc data. Each subject receivel

twenzy-five dollars after conpletion of the study. Funds were

oDtained from a grant from the Kentucky Chapter of the American

Physical Therapy Association.

33
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'fable 1

Demographic Data of SuDjcCCs Who Partic,'pted in This Research Project

Weight Height Age
(kg) (cm) (yrs)

X 7 1 .5 176 22

SD 9.6 7.5 2.2
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PROCEDURE

mnis study was carried out in two phases. Phase I determined tne

comoinition(s) of oursts and carrier frequencies during electrical

stimulation that satisfied the following criteria:

1. Produced an equivalent of 50% of each subject's maximum

voluntary contraction (MVC), and

2. Produced the least amount of discomfort in subjects being

stimulated at 50% of their MVC.

Fulfillment of these combined conditions is considered the

optimum for clinical electrical stimulation. Pnase II, using

information about optimum frequency obtained in Phase I, determined

the effect of incrementing the current amplitude on muscle fatigue and

torque production. The current amplitude of the electrical

stimulation was incremented after every series of two muscle

contractions. The periodic incrementation of current amplitude i3 an

aceaoted clinizal practice in physical therapy bj- its effect on

masnle conzrazc:ion and perforance nas not oeen documented in :ne

I ite rat are.

Familiariza-ion Session. Suojects particioated in a

fAmiliarization session to reduce the effect of learning on test

scores. At that time, suojects' heignt, weight, sex, and age were

recorded. Edwaris et al. (1977) repDrted that the force of a MVC of

the quadriceps femoris muscle was proportional to a suoject's ody
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weight (r = .92). These authors predicted a "normnal" MVC to be 75% of

body weight and that the "lower limit of normal" (the third

percentile) was 50% body weight. The results of female suojects fell

close to the male values. Hultman et al. (1983) and Edwards (1984)

also reported a linear relationship between body weight and the MVC of

the knee extensors. Any subject whose MVC was not within 75% of their

body weight was eliminated from this study. This screening was to

ensure tnat suojects wece sufficiently mociv-ited to participite.

The suoject's maximum isome-tsric knee extensor torque (the highest

torque reading of three repetitions was used as the maximum) was

determined using the Cybex isokinetic dynnamometer, 50% of this i;aximum

was used as a target torque during electrical stimulation. These

values were determined during the familiarization session and used

throughout the remainder of this study. The isometric knee extensor

torque was recorded using a Cyoex II isokinetic dynamometer (Oyoex

Division of Lumex, Inc., Ronkonkona, New York 11779) set at 00

angular velocity (Figure 1). The dynamometer was calibrated per

manufacturer's instructions before the experiment began. Kramier

(1997) reported that the reliability of the Cyoex II varied between

.93 and .93, while Clarkson et al. (1932) reported test-retest

reliaoiiizy of :ne Cybex II to oe r = .97. A damp setting of 3 was

used znrouglou-. cnis study. Damping ,nodifies oversriot and

oscullation of zne recording stylus by slowing the stylus response.

DampIng thus provides a smoother recording of the torque production

(Bemoen, Srump and Massey, 1983). Suojects were seated in the test

chair with their hios exzended to 1200 and the knee of their left

lower extremity flexed to 600 (Figure 2). This position was used to
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Figure 1 - Cyoex II isokinetic dynamornetec and dual channel recorder.
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Figure 2 - Subject seated with the lraft knee secured at 600 flexion.

The dynamoitTer is in the isomeD-tric mode (0 0 /sec) and the

surface eiectroda- is in place.
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maximize the iso'twatric Knee extensor torque (Currier, 1'177, 1979,

1982; Clarke :iiid Bailey, 195-); Cl-arke, Elkins and Martin, 1950). Body

stibilization was provided by u± lap seat 0oelt and a back support. The

axis of rotation of th2 Cybex II dyniamometer was adjusted to the

,anatomical .axis of the knee joint -ini the angle of flexion of the- knee

aind hip was measured manually using a manual goniornater. The leve-r

arm of the Cyoex II was kept consistent for each suojeact by placing

t-ne infer:ior oord-er of the ankle pad imneldiateliy superior to Wea

medial mlleolus (Epler, Nawozenski, Engleh-ardt, 1933) (Figure 3).

The Cybe-x II dual channel record,?r was used to record t"he torque

generated oy the kne-e extensors (Figure 1).

Following the torque measurement(s) taken during the

f. miiarization se-ssion, each subject was given sufficient time to

familiarize himself witn tne 1Electrostim 180-2i high intensity

el1ectrical s-.imulation unit (Figure 4). The Electrostim 180-21 uses

Surface electrodeas. Two 12.5 x 8 centimeter electrodes served as the

stimula::ing electrodes during the study (Figure 5). *3ne alectrode was

olcdoveir tne3 vastu-s 'medialis -Quscle 4 centimeters proximal toD the

s;-Y2rio: :oer 3f :he o)a:aLla and slightly medial to the112a

oD::oer 0:f tne? -3aiim. The other e3le=tr e was Dii::eo on :;ne skin

o:er tine vistu-S laterali3 mooIaC- On the c~dle ln-tnl:d Of its mu-sclea

nel'y -iue3). :he ziro-.silicone el!ect:ro)das were-- seaa:eo- ffr

:ne 5rioy wtrs-eds-3onjEs which served as couol ing media. Ti.:

fiaxioilit-y of these- alectrodas assured tot,:al contact 4ith the muszle

as itC cna-nged snaoe do iring the -l ectri c-Allx stimuilted contraction.

The- ele:tode zwre h2Ll, in place oy elastic straps. Prior to

stimulation, tn.ii r~e impedance was recorded to rest the quality
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Figure 3 - Tne anKle pad of the Cyoex II was placed iamnediately

supecior to the medial malleolus to assure a consistent

lever arin length.
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Figure 4 - The Elecccostim 180-2i High intensity Electrical1

Stiniuilation Unit.
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Figure 5 - Suoject' s left thiigh with two 12.5 x 8 centimeter electrodes

in place.
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of the electrode attachment and skin preparation. An autogen 1700

biofeedboack device was used to test impedance and an impedance level of

less than 50,000 ohms was considered arbitrarily acceptable to proceed

with th(e electrical stimulation testing (Autogen 1700 testing nvanual).

The Electrostim 180-2i high intensity electrical stimulation unit

delivared 15 seconds of electrical stimulation in the form of burst5 thit

were rapea ed at 50Hiz, 70Hz, and 90Hz. The 15 seconds ealectrical

stimulatici had a ramp on time of 3 seconds and minciined -a paeak

amplitude (pulse charge) for 12 seconds. The current amplitude (pulse

charge =pulse amplitude x duration) or current was abruptly stopped

following the 15 seconds of stimulation (0 ramp off) and a 50-second rest

period (interburst interval) followed. This 1:3 on/off ratio was

ma~intained throughout the experimental protocol. The shape of each pulse

with'in the bursts was a sine wave which repeated at a rate of 2,500Hz,

5,000Hz- or 10,000Hz (carrier frequencies) (Figure 6). Subjects were

encouraged during the familiarization se ssion to volitionally contract

their quadriceps famoris muscles wich an intensity sufficient to praduce

the equjivalent of 50% of thair -maximal '-nee excensof corqu-e and ware told

thnat --his would be tne level of s~~u~ n:.hev wodrezelve dirrinz tne

axoariman~al session. Tne ou;rose of :ns ractica Sassion was to

:-ainimniza any learning associated wlzn the test:in= proceoire- arid :Z allow

:esaoj3ects to exoerie'nce a variety of st:imuilng fr-eq.enzxes.

Suojeczs were instructed to refr-ain frnvlnaivcont:racting the

qu.;adriceps femoris muscle when oc inq etectrically , mlae toqe

ware monitored by the Cyoe-x dynamom-:te:r). Suojectzs ware not testedi for

torque until they indircated that they f4lt accust-aned to the electrically

induced contraction. Individual suojects produced greater or less than
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Figure 6 - (a) An eximple of the 50 Hz burst mode and 2,500 Hz carrier

frequency during a 15 second stimulation followed by 50

seconds ot rest a three second rAmp on time is utilized.

(L) The 50 Hz burst rmode

(c) Sine wave
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50t of their maximum torque during the familiarization session

depending on individual adjustment to electrical stimulation.

However, 50% of the maxinum torque was a target and minimum acceptable

score during the experimental phase of this study. Since changes in

the chaficteristics of the electromyographic (EMG) signdl were used to

quantify the fatigue of the quadriceps femoris muscle following

stimuilAtion, an EMG was taken during the familiarization session to

introduce eadch suoject to this procedure.

Experimental sessions. -

Following the familiarization session, there were three

experimental sessions during Phase I.

During e,ch of these three experimental sessions, each subject

randomly received one of three predetermined burst frequencies (50;

70; or 90Hz) comDined with a randomly chosen carrier frequency (2,500,

5,000, or 10,000Hz). Comoinations were determined using random number

tables. Each subject received a series of ten electrical stimulations

at an amplitude sufficient to produce ap-roximately 50% of their

maximn voluntary torque as measured on the first contraction. This

uniform amolit:ude of elec-rical s-imula-ion was chosen so that the

amount of muscle fa-igue (torQue decremen/elecsrizallv indIced

contraction) with each current comoinazion could oe determninad. Tne

numer of milliam;ares necessary to produce 50% of each suoject's MVC

at each frequency comoinion was recorded. Following a five-minuze

rest oeriod, each suoje-cc received anotner eleczricil simula'-ion bouat

using a randomized comoination of carrier and burst frequency and the

frequency-torque-fatigue relationship was again determined oy

assessing the recoroed torque curves. During zhe five-minute rest
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period, subjects were encouraged to walk around the Physical Therapy

Research L~ab or to actively flex and extend their knee several times

while seated. McArdle, Katch and Katch (1986) reported that -ni.Ld

exercise during rest periods results in faster removal of lactic acid

from exercised muscles (active recovery). Bigiand-Ritchie's, et al.

(1986) datA show that a five-minute rest period is adequate to recover

froin fatigue during electrical stimulation. Basauijian and Deluca

(1935) a~nd Harris (1931) also report that 4 to 5 minutes of rest are

adequate amounts of time to recovear from a bout of localized muscle

fatigue. Much longer periods of t.ime are needed by subjects

undergoing exercise to recover frorn systemic fatigue since large

amounts of lactate would be present in the over-all circulatory system

(Sahlin, 1978). During the period of time of the localized muscle

fatigue induced in this experiment, the increased lactate was expected

to be primacily involved in the quadriceps famoris muscle and

consequently a fiva-minute rest between bouts was considered to be-

sufficient for comolaza recovary from fatigue. During the cour-se of

three treatment sessions, each suoject experienced all nine

comb~inations of the oreo3atermined oIrs:5 InJ carrier, freczuencies.

IrTmeiiataiy following the tenth conr-r-ic on (stimuliation inducad)

of eacn C'loina:ion of a1ec:ri=zalsInuai the suZojet: rated tn

plin perception using a Visual anal-n Salle (VAS). A ten-Centimeter

vertically ociented VAS was used. Zachl ScAle -was drawn on a plain

white 7.6 x 12.7 cm (3 x 5 incn) cara. Suojects weara asl~ad to rate

th-e pain or disc'omfort -issociited with the stimulation between zthe

extremes of "no pain" and "pain as bad as it could oe". The

boundaries of the can-centimeter scale were defined by a one
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centimeter line (Scott and Huskisson, 1976; Huskisson, 1983).

(Figure 7).

Adequate time (3-5 minutes) for warm-up was afforded each subject

prior to each experimental session and consisted of each individual

stretching his or her quadriceps femocis, hamstring and

gastrocnemius-soleus muscle groups.

EMG Recordings.

Prior to the bout of 10 electrically stimulated muscle

contractions, a 1 second surface electromyograpn (EMG) of the

quadriceps f emoris muscle was taken in preference to using needle or

fine wire electrodes which may cause intensive pain during high force

muscle contractions (Gatev, et al. 1986). The pain associated with

fine wire and needle electrodes also may effect the firing pattern of

motor units (Datta and Stephens, 1981; Hennerz and Grimby, 1979).

Six FM3G's were taken during each experimental session. The

recording electrodes were placed over the vastus medialis muscle (5

centimeters) abore the ase of the patella and slightly medial to the

medial border of the atella. The skin of eizh subject was -aarked to

assi Ce con sis-ent surface electrode placement du-ring t..e repeated

-Mg's necessry daring eicn exoeri.;ental session (Fi.gure 9).

Recording electrodes were placed on the same s.<in location, sD tnat

-he same pooulation of no:oc uanits were oeing .eo.ed. These exict

electrode o!icem.e:ets lliowed comp.rison of pre- and posz-exerclse E.MG

3ignaLs (Aills, 1932). The EMG signal is daeenoent upon te discaince

t.e surface -ecrodes are fron the accive muscle fibers. Any change

in muscLe volume or dispiacement of the muscle under the skin could

cause vdriations in tne EMG signal (Peres and Maton, 1987). Since



54

Figure 7 - Vertically oriented visual analog scale.

PAIN AS BAD AS IT COULD BE

NO PAIN
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changes in muscle length can also affect surface EMG signals (Okada,

1987) joint angle positioning was constantly monitored for consistency

using goniometry. The Cidwell 5200-A was used to record the EMG

signals (CadwelL Laboratories, Inc., Kennewick, Washington 99336).

This EAM2 unit allowed the recording of a visual representation of the

surface EMG signal during both pre- and post-muscle StimulatLon. A 60

cycle -,otch filter was used to eliminate 60Hz power line noise. The

higi cut fiit--r wa-s set at 10,000 Hz arid the low cut filter was set -t

100 Hz is co;anenled by the minnuficturer. .A sweep speed of 20

miLliseconds pec division of the oscilloscope grid was used throughout

the e>: :i -iental protocol, as was an amplifier gain of 50DuV. A car

elect:ode containing two 1 centimeter diameter recording metal discs

placed 3 centimeters apart was used to record the EMG signal. Leads

fro:n the bar electrodes were plugged into the pre-ampIifier of tne EMG

unit. Nizz (1984) and Fowler, et al. (1972) reported that the area

under the negative portion of the comoound muscle action potential

(,:Ak?) is an accurate method of assessing the relatiAe activity of a

ri~s:2e. The a:.ea anoer zna negative portion of the n :k was measured

isnc an a.e a Iv-is s'.szeL (2ess iieo ?Lvi :na:e A-L MYSiS

Svs-en, Cari. Ziss, :nc., n.ood, New Yor ).

De: g. ".:-I: *f- :n incre-?nfing the intensi:y o s7im-1a!:ion

nla. on fazi~ue a.]i :crxie or-oductiorn.

Tne oot zxvnm :ooination of frequency and carrie.r freuency of

Pn-s- s ool.eds to each suoject. -fter everyt two contractions,

tn-e intensity of the stimuaiition was increased to inantin torcjue

l-evels a tn e ortes: 5D AVC levels an: to dtermine the effect this
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approach of incrementing stimulus intensity hlas on fatigue (Note:

RecordedJ torque with each muscle contraction that is electrically

induced decreases in amplitude or Nawton-rn2terS because Of fatigue.

Thle actuAl stimulus was therefore incremented .after every two induced

contractions to iraintiin 50% of MVC torque). Each suoject receiled

ten stimulations at the chosen frequency and the amplitude wis

increase d after .every two electric-AlLy induced contractions. Tflere

ware 5 incre3ments of amplitude during this procedure. Pra- And

post-EMG- signals weare recorded as in Phase I.

DatA "Ivalysis.

Following Phiase- I, a Pero' correlation coefficient was run to

determine the relationship between ody weight and maximal isometric

torque Production. Descriptive data were- utilized to ensure thlat

suaojects MVC vs. body weight were within normal limits ('normnal" MYC

is considered to oa at least 7500 of oo::dy weight, Edwards, 1977).

'urque/frequency graphls were analyzed to determine trie optimal

frequency conoLina~ion thI-at orod~ized 50% of a subject' s XVC and the VP3

~~~as ~ ~ ,: use tofn oona :ion. razed most c0;nfor:a:.Djan

-2~e: z -wzo-wav ;2~A~: -d-~'e oassand carrier

fre:--encv -aSa use analyze :ne d4-:a. :n interctin 1,3 -uS S

ann::- 1131Z caD e~ec n:I i 7o-u, M. crarzas, anj zlaorc

n±esav:0 oronuc oD f a suojec:'S s :Vc renazd using a k

s a Its zC a i oa --1 tie v? ai-ue of- ::ne ;AD...as slnazicant

-i- :;iara was no) inzeractinoew voaricoDles, a DuIncan :)ost nor

Anilysi3 was uIs3ec --o fzrter2fernrt tie da za. '2The Chalnges an

torque and JL; ollii3-Wn,- irul~o were conpifed 1~n a -test.
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Tne Phase II data were analyzed using a frequency distribution to

determine which combination of bursts and carrier frequency was

pfefarred by each subject. Descriptive statistics were used to

analyze the percentage increase in mitliamperage necessary to maintain

50)% of a suoject's MVC. A dependent t-test was utilized to analyze

the differences in Pfhase I and II EMG changes when stimulating at the

pcef. rr;d frequency canbinations (Recall that Pfl=sa I used a constant

nilliamparige during the ten stimulations, wnile in Pt-se II the

mitliamperage was increased 5 times during the ten stimulations). A

significance level of .05 was used throughout this study.



Chapter 4

RESULTS AND DISCUSSION

This chapter begins with a statistical analysis of the results of

this study and concludes with a discussion of these results. In the

discussion section, the author will tie the results of this study to

previous works and *ttemnpt to explain any unusual findings.

The results are divided into the categori-s Phase I and Pnase II.

Phase I is subdivided into five sections Lnd covers iie following

areas: (1) body weight and maximal torque production; (2) changes in

torque following various comoinacions of electrical current bursts and

carrier frequencies; (3) cianges in the EMG signal following various

coioinations of electrical current bursts and carrier frequencies;

(4) the -illiampecage necessary to produce 50% of a subject's MVC at

various cominations of electrical current bursts and carrier

frequencies; and (5) :ne suoject's rating of pain at th-e various

comoinations of alectrical current bursts and carrier frequencies.

Pnase II is divided into three sections. Section 'l) analyzes

zne freg~enzy comoin:iDns chosen leas-_ and most painful oy each
suiooezt. zez:ion '- -_= . h

riili.noerae nec:ssa _: _o nau-i:ain 50% MVC a- the -frecuen-v

coi-,in aion c,Dsen nCs zonfor::aoi- during Pnase . Each suoject

.... -. 0 a e... _ nducedcon-a-_::ions of t.e ujacriceos

0eoo:is m -:e at -.i -a e:err . frqlencv coinbi zion. 2ne final

section, (3), analyzes the Jiffecences In Phase I And !I E-IG zhanges

wnn szim-ulti ng a- eazn sdojeac's preferred frequency colnoination.

Phase I - Body Neint and .1axi-nal Torque Production

All of the suoj-cts participating in this study were aoie to

58
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generate a naximum isometcic torque on the Cybex II dynamoa-ater of at

least 75% of tneir body weight (Appendix B). The maximal torque ranged

fron 75 to 112% oody weight in which Peirson product moment of r = .736

was significant it p = .001 (Figure 8).

Ci-nges in Torque During the Nine Combinations of Bursts and Carrier

Frequency

A t-test revealed a significant decrease in torque production

following electricaL stimulation when all nine comindtions of electrical

currenc bursts and carrier frequencies were linked. The mean decrease in

torque was 31.8 N.m (SEM = 1.03) and scoces ranged fran a maxirmil

decrease of 36.2 N.m (SE4 4.19) at 70 bursts combined with a 2,500 Hz

carrier frequency to a 23.2 N.m (SEM = 2.56) decrease in torque at 50

bursts combined with a 10,000 Hz carrier frequency (Tables 2 and 3).

Figure 9 gives a graphic recresentation of these findings. The decrease

in torque or-duction following electrical stimulation was statistically

significant (t = 30.15, o < .0001) when all combinations were linked or

when cornoinations were viewed individually (Taoles 2 and 3). Wnen the

cecrease_ in torque was normnalized (pre-s:imulation torIe minus

ozs--s~ijla -irn -:.ue, diJv-5ed oy -he ce-sti~ncla~ion :crque), -he ,mean

pa rcen:age deorease in -o.que for all cYnoinra:ions of ours: and carrier

freei-2ncy was 33.3% (SEM = .9) (Taole 4). An ANOVA reveals that ours!s

5D, 73, 90 Hz) 'did no- signifi-cn- 1 y influence cne decrease in torque

,F = 1.20, o .3042), ou: the carrier frequency had a significant impact

(F = 12.05, p = .)00), (Taole 5). A Duncan oost hoc analysis shows no

significant difference in tne oursts (Tiole 5), but A significantly

gre-aer loss of torque when a cdrrioec frequency of 2,500 Hz
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Figure 8 - Correlation between subjects body weight (kg) and force

produced (N). Peacson's product moment of r - .736 was

sijnificant it p = .001.
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Taole 2

t-Test (Pre VS Post Stimuiation) for Torque Changes (N.m) Following

Nine Comoinacions of Bursts And Carrier Frequency

Source N X SEM P

Decrease 243 -31.8 1.05 30.15 0.0001
Torque
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Table 3

t-Test (Pre VS Post Stinulition) for Torque Cranges (N.m) at Individual

Coninations of Bursts and Carrier Frequencies

Burst/Carrier N X SEM t P
Frequency

50/2,500 27 34.5 3.2 10.82 0.0001

53/5,0D0 27 33.3 3.1 10.78 0.0001

50/10,03 27 23.2 2.6 9.03 0.0001

7J/2,500 27 36.2 4.2 8.64 0.0001

70/5,000 27 34.6 2.9 12.03 0.0001

70/10,000 27 24.2 2.6 9.12 0.0001

93/2,500 27 34.6 3.1 11.12 0.0001

9J/5,0QJ 27 34.6 3.3 10.57 0.0001

90/1.0,030 27 31.1 2.5 12.19 0.0301
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Figure 9 - Graphic represent.tion of ourst mode (50, 70, 90 Hz) and

carriec fcequency (2,500, 5,000, 10,000 Hz) to the torque

decrement (N.m).
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Table 4

Nonulized T,)Cque Chlunge (Pre VS Post Stimulation) Following Nine

Cominantions of Bursts and Carrier Frequencies

Source N X SEiI

Norimalized 243 -30.3% 9
Torque
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Table 5

ANOVA (bursts vs carrier frequencies) for Torque Change (N.m) Pre VS

Post Sti,nultion

Source df SS F P

Model 34 31499.1 5.63 0.0001*

Error 203 33934.9 ! lean Torque decrease = 31.8 N.m

Burst 2 390.5 1.20 0.3042A

Carrier Frequency 2 3931.5 12.05 0.0001*

Burst*Carrier 4 630.7 1.04 0.3360 A

Frequency

A = non-significant

* A Duncan post hoc test revealed a significant difference between

10,000 Hz and 2,500 or 5,000 Hz carrier, but no significant
difference between 2,500 Hz or 5,000 Hz.
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(X = 35.1) or 5,000 Hz ( = 34.2) were used as compared to 10,000 Hz

(-= 26.1), (Taole 5). There was no significant difference between

the 2,500 and 5,000 Hz carrier frequencies. Figure 9 shows a trend of

increasing torque loss as the Durst mode is increased, and a reverse

of this trend, as the carrier frequency is increased. Figure 10

depicts the comboined effect of bursts and carrier frequency on

Zorque. Figure 11 shows that when the ourst nioe is held constant,

there is a decrease in the magnitude of torque decrement as the

carcier frequency is iocredsed.

Cftanges in the Area Under the Negative Deflection of the EiM Curve

During the Nine Combinations of Bursts and Carrier Frequency.

A t-test r evealed a significant decrease in the area under the

negative deflection of the EMG curve wnen all nine combinations of

ourst and carrier frequency were linked. The decrease was

statistically significant (t = 11.54, P = .0001). Tne mean decrease

was 58.3 rn2 (SEI = 5.1) and ranged from a maximum of 33.7 arn2 at 70

oursts comoined with a 2,500 Hz carrier frequency to 26.2 7rtn2 a: 50

ourszs and a 1D,0D0 Hz carrier frequency (Taoles 6 and 7). A arapniz

:e_-esen-a-_Ion of :ne camo4ned a ffect of i combina:ions of oirsts

inJ cri-er cecaencies on the change in area in-iar the n-agtie

lef lec:-on .3: -ne 13 curve are sho.1 in Fi ure 72. ;;in e d:.a

.;e:*e nor nflzec \or.e-S~tii!:ion ZM nrea O.i US D)cs:-3:iTuI tion : i2

ar-a uJijled o the pre-s-rmlLazion i:±-a), the overalL ma-an oecen:]ge

de:rease in -3G area 4as 25.3% (raole 3). Tie kNoVA reveails -

steAtisticaliv signifizant inteJlcton oeteen ours: and carr ier

f-e'uencies ,F = 2.61, P = .0364) and therefore the Duncan post noc

test coald no: oa u:-Lized to further differentiate the d3a:
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Figure 10 - influence of the combined effect of burst mode (Hz) and

carrier frequency (Hz) on Corqua (N.m).
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Figure 11 - When burst nmd is helAd constant, the decreasea in the

inagnitudi, of torque decrement decreases as the carrier

fre quancy (2,500, 5,000, 10,000 1Iz) incredses.
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Taile 6

t-Test (Pre VS Post Stimu1ation) for EMG Changes (m 2 ) Following Nine

Combinations of Bursts and Carrier Frequencies

Source 1X SEM t P

Dec rease 243 53.3 5.1 11.54 0.0001
EMG
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Table 7

t-Test (Pr, VS Post Stimulation) foc EMG Criange (mm2 ) at Individual

Combinations of Bursts and Carrier Frequencies

Bucst/Cacrier N X SEM t P
FCequency

50/2,500 27 73.2 12.7 5.78 0.0001*

50/5,000 27 58.4 15.2 3.85 0.0007*

50,.'10,000 27 26.3 11.9 2.20 0.0371*

70/2,500 27 83.7 14.7 5.69 0.0001*

70/5,000 27 49.9 12.6 3.95 0.0005*

70/13,000 27 44.1 14.7 3.01 0.0057*

90/2,500 27 80.1 18.7 4.28 0.0002*

90/5,000 27 27.1 16.6 1.63 0.1147A

90/10,000 27 82.0 15.1 5.44 0.001*

A = noi-significant

* significant - p = .05
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Figure 12 - Graphic representation of the affect of the nine

combinations of burst mode (50, 70, 90 Hz) dnd carrier

frequency (2,500, 5,000, 10,000 Hz) on the area under the

negative deflection of the MG curve.
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Taile 8

Nonnilized (%) EMG Changes (Pre VS Post Stimulaition) Following Nine

Conoinions of Bursts and Carrier Frequencies

Source N X SEM

Normilized 243 -25.3% 3.8
EMG
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(raole 9). Figure 13 reveals a pattern of decreased loss of area

under the negative deflection of the EtMG curve as the carrier

frequency increases in both the 50 Hz and 70 Hz burst modes. However,

this pattern does not hold for the 90 Hz burst mode. There is a

decrease in the loss of area under the compound -action curves in the

90 Hz burst mode as the carrier frequency is increased from 2,500 Hz

to 5,000 Hz, out the 90 ourst/10,000 Hz carrier frequency oreaks from

this trend and shows a marked increase in &MG loss.

Tne Amount of Milliamoerage Necessary to Produce 50% of a Subjezt's

MVC at Various ComDi nations of Bursts and Carrier Frequency.

An ANOVA was used to analyze these data. Again, as with torque

and EIG, the burst mode nad no significant influence on the amount of

mtA needed for each suoject to produce 50% of his MVC (F = 0.33, p

.7226) (Taole 10). The carrier was statistically significant (F =

29.8, p = .0001), (Table 10). The Duncan post hoc analysis showed no

significant difference in the mean milliamperage when the burst mode

was tested (Taole 10). However, zne Duncan test revealed a

sl.nif:.canz j_,ferene in -ne mean -.l17a.:oera a all th_-ee carrier

.... nen:es. carri-er frecue ncy of 10,003 Hz : -, least

aooun: o: L:, * = .7 mA), :ne 2,53 Hz aarriaer f:-ec~ency k'as n-x: ,X

= 5.42 ma;. arv ne 5,30 Hz catr_'r requIred :he n'gnes: amo.unt of ,A

:u ecica.LJ.y=z_- -2 5z the -3.oj-c:s s-udXed , = 43.4 mA).

A±-na~n no- s-is-cally si~igf-I n:_, tn eIre .p-Delrs :o ne a trend of

-ecIeased A as tne ours: .niue increases (Figare 14). Overall a mean

miiliimnpe.-g3e of 32.9 was required. ;-Th m ranged froo a maximal mean

of 44.1 A o .- fficien:iy stimuliae .he quadriceps femoris muscles to

53 64VC at a frequency comolnition of 50 obursts and a 5,000 Hz cdrrier
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Table 9

ANOVA (Burst VS Carrier Frequen-cy) for EMG Ctunges (Wm2 ) Pre V3 Post

Stimulation

Source df SS F P

Model 34 409355.1 2.29 0.0002

Error 203 1092272.1 Mean decrease EMG = 53.3 rn2

Burs - 2 4547.8 0.43 0.6491A

Carrier Frequency 2 53365.3 5.08 0.0070

Bur.-;t*Carrier: 4 54924.3 2.61 0.0 3 6 4 0
Frequency

A = non-significanc

b = a significant interaccion between Durst mode and carrier frequency
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Figure 13 - Pattern of decreased loss of area under the negative

deflection of the EmG curve at various combinations of

bursts and carrier frequencies.
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Tale 10

ANOVM (Burst VS Carrier Frequency) for the Man MilLiamperige Necessary

to Atttin 50% M4VC

Source Jf SS F P

iI3dei A 30333.7 22.16 0.0001

Erroc 2038 Mean r = 32.9

Bu-.-s 2 26.20 0.33 0.7226 A

Cirri c Frequency 2 23646.5 293.62 0.00013

Burst*Carrier 4 18.13 0.11 0.9730 A

Frequency

A = non-significant

= A Duncan post hoc t-st revealed a significant dLfference among all
three c-irrier freqiencies
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Figure 14 - Relationship between burst mode (Hz) and carrier frequency

(Hz) to the mean miiliamperage necessary to attain 50% MVC.
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frequency to a low of 19.3 nA required at 90 bursts and a 10,000 Hz

carrier frequency (Table 11). The relationship of the combined bursts

and carcier frequencies is illustrated in Figure 15.

Subjective Rating of Pain at the Nine Combinations of Bursts and

Carrier Frequencies.

An ANOVA discloses thit both bursts (50, 70, 9D Hz) and carrier

frequencies (2,500, 5,000, 10,000 Hz) significantly influenced the

subjective pa2in rating (Table 12). The subjective pain riting was the

only dependent variable investigated in Phase I that w as significantly

influenced by the oucst node (F = 3.12, p = .0464). Post hoc analysis

of the means shows that a burst mode of 90 Hz was significantly less

painful than either the 50 or 70 Hz burst mode. Although the 50 Hz

burst mode was deemed the most painful ( = 4.86 scale points), it was

not significantly different from 70 bursts (,= 4.83 scale pDints).

Figure 16 illustrates the trend of decreasing pain rating as the burst

mode advances. The carrier frequency also affected the pain riting

significantly (F = 29.8, p = .0001) (Table 12). Post hoc analysis

reveals that a 10,000 Hz carrier fr-_:nc was significantly morQe

Pa.-Infu! (X = 5.35 sczale oin-s) tnan ea:ner 5,030 Hz IX 4.27 S--.-

ooiis) or- 2,50J iz I" 3.62 sa.. .oinzs). The- re was no s-taistical

61fferance2 oetween zn ? la:-er zw '~ fre'ienz:ies. ?igure -5

cieau-!I snows an :nc.easpn o-:n razing as the carrier freqlency

increased. heare w4as a nrar:ec arato in th-e ind-iiualo

ratings. The ratings raneo fron a low of .2 cm given oy -wo slojects

to a nigh of 9.6 cm also given oy two suojects. One of zne low pain

ratings was given the following stimulation at 90 oursts arnJ a 2,500

Hz carrier frequency, while the other followed a 70 burst, 5,0.0 Hz
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Tiole 11

Amount of Miliampecage Necessary to Stimulate the Quadriceps Femocis

MuscLe to 50t MVC

Bursr/CAr.ier N X SEM
Fnaquency

50/2,500 27 35.7 1.65

50/5,000 27 44.1 2.42

50/10,0ly03 --27 20.1 0.95

7J/2,500 27 35.6 1.53

70/5,000 27 42.7 1.73

70/10,000 27 19.7 0.40

90/2,500 27 34.9 1.49

90/5,000 27 43.5 1.99

90/10,000 27 19.3 0.42
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Figure 15 - Graphic representation of the relationship of the combined

bursts and carrier frequencies to the miiiiamperage

necessary to attAin 50% 14VC.
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Table 12

ANOVA (Burst VS Carriec Fcequency) for the Pain Ratings of the Nine

Comoinations of Bursts and Carrier Frequencies

Source df SS F p

Mode 1 34 741.2 7.11 0.0001

Ercor 203 633.1 Mean Pain Rating = 4.6 cm

Burst 2 i.12 3.12 0.0464A

Carrier Frequency 2 132.8 2,.30 0.00010

BursL*Carrie r 4 9.91 0.81 0 .5 2 1 4 c
Frequency

A = A Duncan post hoc reveais a significant difference betwee3n 90 burst
and 50 or 70 oursts. No significt difference noted oetween 50
and 70 oursts.

o = A Duncan post hoc test reveals a significant difference between
10,000 Hz and 2,500 or 5,000 Hz. No significant difference between
2,500 Hz or 3,000 Hz.

- Non-signifi-zan: lnzeraz~io~q
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F'igure 16 - DapiCts trends of decreasing piin rating as the burst mode

(Hz) increases and an increasing pain rating as the carrier

frequency (Hz) increases.
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coxnbination. Both of the high ratings involved a 10,000 Hz carrier

frequency, one in combination with 50 bursts and the other with the 70

burst mode (Appendix C). Figure 17 snows how Subjects cAted the

combinations of burst and carrier frequency. The 90 burst, 2,500 Hz

carrier frequency was rated most favorabLe with a mean of 3.3 cm

(S&4 - 0.39) on the VAS, while the 70 burst, 10,000 Hz carrier

frequency was the least favorable combination (X = 6.3 cm.,

SEM = 0.40) (Table 13).

One suojert was uno~le to tolerate any of the applied frequency

combinations to a level sufficient to produce 50% of her 14VC.

Although she complet,:d all aspects of this research, the data ootained

fron her participation were not utilized in the statistical analysis.

Phase II

Phase II utilized the data on pain perception analyzed fcom Phase

I. Of the 27 subjects successfully completing tnis study, 18

indicated that their preferred frequency combination had a cacrier

frequency of 2,500 Hz and 9 chose the 5,000 Hz carrier. No suojecz

picked a freciuenzy co.-oina-ion witn a 10,03,0 Hz carrier frequency.

The mos: crmonly ,chosen oirs- mooe was 9) blrszs with 13 most

,oroie razings, followed oy 7J ourszs 4i:h 3 and 50 ourscs J-n 6

favoaZoie picKs (Taole 14). :ne freze anzy dist.ribution in Taoie 14

snows Zht- as Z:ne na-noer of o3'srS increased fra 53 to 90 Hz, :ne

n-unoar of favo1-abe ratings also increased (50 bursts = 6, 70 ours:s =

3, 90 ouarszs = 13). it is interesting to note that this sequential

increase is also present when the oursz mode is looked at in

conoination with the chosen carrier frequencies. At 2,500 Hz carrier

frequency and 50 bursts there are 4 favoraole responses, at 2,300
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Figure 17 - Combne~nd effect of oucsr- mode (dz) and c-rrier frequency

(Hiz) on suojective pain r~ting.
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Taoie 13

Pain Rating at the Tested Burst and Carrier Frequency Combinations

Burst/Carrie N X SEM
F cequency

50/2,500 27 4.3 0.36

50/5,0 0 27 4.4 0. 43

50/1D,000 27 5.9 0.42

70/2,500 "27 3.9 0.43

70/5,000 27 4.3 0.44

70/10, 00 27 6.3 0.40

90/2,500 27 3.3 0.39

90/5,000 27 4.2 0.42

90/10,000 27 5.3 0.49
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Table 14

Comoiriations of Bursts and Carrier Frequencies Chosen Most Comfort-ible

Carrier Frequency

Bursts 2,500 Hz 5,000 Hiz 10,000 Hz Total

50 4 2 0 6

70 5 3 0 a

93) 9 4 0 13

'mCTAL 13 9 0 27
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Hz/70 oursts there are 5 choices -and at 2,500 Hz/90 bursts there are 9

picks. This sequence is again obvious when looking at the 5,(00 Hz

carrier frequency with the same pattecn of increased favorable

responses as the birst mode rate increases (50 bursts = 2, 70 bursts

3, 90 bursts = 4). Data from Phase I showed that ooth burst mode and

carrier frequency significantly influenced subjects' pain ratings and

thna overall tne 90 oucscs, 2,500 dz carrier frequency w.s the most

coinfortaDle (Figure 17). Figure 18 clearly illustrates that subjects

preferred the nigher ourst modes in the :-o chosen carrier frequencies.

The Increas? in Milliamperage Necessary to Mlaintain 50 Percent of Each

Subject's MVC.

Tne mean Dercentage increase in mA necessary to maintain 50% MVC

(increments every two stimulations) was 40.5% and ranged from 12 to

90% (Apoendix D). Within the two chosen carrier frequencies (2,500 Hz

and 5,000 Hz), the percentage increase became greater as the burst

rate increased from 50 bursts to 90 Oucsts (Figure 19). As can ne

seen in Taole 15, tne 2,500 Hz carrier frequency tended to require a

greater increase in m.A (X = 40.6io) than a 5,000 Hz carrier frequency

m = 33.3%) 53i AV.

-v3_3 s_ :ne D.fference in ?nise 7 vs. Pnase _- E ra:nges a: 'a:

Suo~ez-s ?refe-rd ?ruancy Conoinai~n.

.s c an oe_ seen in Taole 16, in every case teszed, =e -oercen:

decrease in E.*G ar-a T¢as greazer in Phase ii t'en in P.ase I. Te

,n-aan -e:rease in -MG areas of tne 27 preferred frequencies identified

in Phnse I was 30.1%. When tne sane frequency cotioina-ions were

ui~lized during Pnase Ii (with the oniliarierage oing increased every

2 cortractions; total = i0) tnere was a mean decrease of 45.7% in the
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Figure 13 - Illustration of the effect on pain rating of the ourst

modie at the praferred carrier frequencies.



99

C)z
o D

IC) C3

C)
z

&OrJ

o
10M X

C)

o o 0 0 0 0D
1O 'd- N

11 3SVHd
(%) ONIIVU NIVd 3-1eV8OAVA



100

Figure 19 - Illustration of the percentage increase in milliamperage

necessary to maintain 50% MVC at various burst modes (Hz)

at the preferred frequencies in PhAsa II.
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Table 15

Percent Inccease in Milliamperage Necessary to Maintain 50% MVC in

Phase II

Carrier Frequency

Bursts 2,500 Hz 5,000 Hz

50 36.3% 14.5%

70 39.0% 41.3%

90 46.4% 45.7%

MENN 40.6% 33.8%
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TaIe 16

Percentage Change in EMG Area Phase I VS Phase II

Phase I Phase II
Frequency Combination Decrease in Decrease in Change
(Durst/carrier frequency, Hz) N EMG (%) RMG (%) (%)

50/2,500 4 41.75 47.5 +5.75

50/5,000 2 13.50 49.0 +35.50

70/2,500 5 28.20 45.4 +17.20

70/5,000 3 24.66 36.0 +11.34

90/2,500 9 33.11 47.6 +14.49

90/5,000 4 26.50 45.7 +19.20

MEAN 30.1 45.7 +15.80
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areas under the negitive deflection of the EMG curve (Table 16). A

dependent t-test revealed a significant difference between the percent

decrease in EMS area during Phase I stimulation Oy the preferred

frequencies and the decrease in Phase II (t = 1.98, p = .029)

(Table 17).

DISCUSSION

Suoject Motiv ation

All of the subjects in this study generated a maxiiTal isometric

torque (N.m) of at least 75% of their body weight. This condition of

torque and body weignt is consistent with the findings of Edwards

(1977) who reported similar results.

I feared that some subjects - knowing that they would oe

stimuLazed eLectrically to 50% of their maximal torque reading - would

not: give a maximal effort and hence, prejudice the results of this

study. The correlation between body weight and maximal force in N was

also significant (r = .7359, p .0001) (Figure 3). Although Edwards

repor:ed a correlation coefficient of r = .91 when comparing bDdy

weighz to iso.etric torque, he tes:ed 145 suojects. i Del-eve my

suojec-_s were sufficien:ly mo-iviaed and if my samp 2 size was lar=_-r

th an Nq = 27, the correla-tion reoor:ed in this study would nave

approached tha: of Edwads. Aaxi-tval volitional eff--rz oy each suojezt

wis imorant since rne pro - and aosz-szimulazion orquae was being

quantified and atatia-ically compared. Marsdan, et l. (1933)

Bigland-Ritchie, et al. (134) reported that in motivated subjects,

all motor units would oe utilized during a ntximal voluntary effort.

The activation of all vhe available motor units during the required

maximal contraction of the quadriceps femoris muscle - recorded before
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Table 17

t-Test (Phias I VS Phasa II) E.MG Chaniges at Preferred Stimulating

Combinations (%)

Source 14X SEM t P

E-MG Change 2*7 15.8 7.9 1.98 0.0291
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and after the muscle was electrically stimulated - was a necessary

criterion for evaluating and comparing the recorded torque and EMG

data. The descriptive data and correlation coefficient displayed in

this research project convinced me that the subjects tested were

expending their maximal effort.

Torque Decrement Following Electrical Stimulation.

A decreas- in maximal voluntary isometric torque of 30.3%

following electrical stimulation is reported in Phase I of this

study. Currier and Lann (1933) reported a 24% decrease in torque

following 10 electrically stimulated contractions, while Kots (1976)

reported a 20% decrease. The 30.3% decrease found in this study was

statistically significant. Further analysis of the data revealed that

the burst mode (50, 70, 90 Hz) had no effect on the decrease in torque

while the carrier frequency had a significant impact. The data in

Figure 9 show that a carrier frequency of 10,000 Hz yields a

significantly lower torque decrement (T-= 26.1 N.m) than either the

2,500 Hz (7 = 35.1 N.m) or 5,000 Hz ( = 34.2 N.m) carrier

frequencies. if viewed independenzly, one might :D- led to oelieve

that the 19,03D Hiz carrier frequency would 0e_ -he mIsz clinizally

aoolicaole of :he carrier frezquencies tested. After all, a carrier

frequency :na: wouli induce at leas, 50% of a o-czient's MV and affect

torque loss less tnan other clinically utilized cdrrier frequencies

could te adaptaoie no: only to strength enhancing programs (increasing

the numoer of maximal contraction before fatigue) but also to

functional electrical stimulators (here maximizing the number of

repetitions before fatigue). Solomonow, et al. (1982) and

Packman-Braun (1988) cite the high rate of muscular fatigue as the
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major drawback to the use of electrical stimulation. However, as will

be discussed in a subsequent section, the 10,000 Hz carrier frequency

produced an uracceptable level of subject dLscomfort.

A 24% decrement in torque following ten electrically stimulated

muscle contractions of the quadriceps f.,fnoris muscle at 60% MVC was

contrasted by Currier and Mann (1983) with a 10% decrease following a

similar voluntary effort. Caoric (1988) postuLi&es that electrically

s zimilated muscle contrActions show a greater decreai-%a in torque

production when compaced to voluntary efforts because they have a more

pronounced affect on the Type II muscle fibers than on the Type I

fibers. The increadse in torque decrement may be due to the reported

lower threshold to electrical stimulation of the large diameter axons

tIat typically innervate the Type II fibers (Solomonow, et al., 1982).

Benton, et al. (1931) confirm this ooservation and tie the increased

rate of fatigue to the preferential stimulation of the Type II fibers

during eLectrical stimulation of skeletal muscles. Komi and Tesch

(1979) tied tne increased rates of fatigue seen in different muscle

g -oos during :.iec.rical stimulation to the proportion of ype II

fi~rs presen:. Karisson (1981) also ooserved :ha- at a give:l

axer:s!&a- Ln:ensizy, Type II dominant rmuszles pradice more lactic a-id

and faziue more easily than Tyipe I dominant muscles. Tne decreasa in

,nisza oH assoia:ed with increased lactic acid may concrioute to

?. ipheral fatigue for a variety of reasons. The odst frequently

mentioned reasons EDr muscle fatigue cited in ne literature are:

innioition of key glycolytic enzymes (Danforth, 1965; Herrnnsen, 1931;

Ui, 1966); limitation of the interaction of calcium and troponin

necessary for actin and myosin to interact (Astrand and Rod-anl, 1977;
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Bas.xujian and Deluca, 1985; Hermansen, 1981; Robertson and Kerrick,

1979; Tesch, 1980); and the reduction of the conduction velocity of

the muscle memnbir-ne (Basmajian and DeLuca, 1985; Hagberg, 1931;

Petcrofsky, 1979; Petcofsky and Lind, 1980). The superficial location

of the Type II fibers reported by sevecal researchers may also result

in their early activation during electrically stimulated muscLe

activity (Clamann, 1970; Gollnick, 1983; Jonnson, et al., 1973).

Appell (1988) refers to a reversal of the "size principle" (Hennamen,

1965) when muscles ari-electrically stimulated. The larger, more

powerful Type II fibers are activated first during the electrically

stimulated activity, and since they are more susceptible to fatigue,

the increase loss of torque reported is not surprising. There is a

preponderance of evidence suggesting that electrical stimulation

affects the highly fatigaole Type II fibers to a greater extent than

the fatigue resistant TyPe I fibers. This sequence of fiber type

activation is the reverse of the natural fioer type rezr-uitnent order

sen in voluntary contraccions. One of the reasons for the nigh

amount of torqje decemeit reporei in this study was :he Preferential

a:of aion o: :he e I muscle fioers during !-he :en e~ czrically

i:n1OZe rnscie co.-raz:ions. :No nsIe O.o:)sy was oo-ained In my

study and ::nerefore, no definitive conclusions can -e dra.n conce-nning

muscle OH following electrical stimula:tion. However, :.he levels of

force decreiment repo_-ed (30.1%) are much larger than the 10% decrease

expected d,_ring ten voluntary contractions at nearly the sime force

levels (Currier and Ma-nn, 1933).
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Although during voluntary activity, fatigue at the myoneural

junction Iis oe-en all but r-uled out (Bigland-Ritchie, et al., 1986;

Bigland-Ritchie, at al., 1983; Marsden, et al., 1983; Merton, 1981) in

non-pathol>ic condicions, fatigue -it the myonieural junction maay not

bea the cdse when fatigue is observed following electrical stimul-ition

of skeletal muscle. Jones, at al. (1979) reported a decreased

0-eSLonSiIeneS3 At the nyoneurAi junction when skeletal muscle was

stimualited elect-rically .it 80 Hz. Stimulaiting zit. 70 Hz, Elmq-uist and

Quasrel (1965) noted an iricceaased relea se2 of ne urotransmittec

substances as tha rate of ?eaectric-il s;tiiulation wais incre-ased from 30

Hz to 70 Hz. The asyncnronous activation of motor uinits during

voIluntary efforts, coupled with ui n-ILU~d! siowing of motor unit firing

frequency precludes this occurrence in normal nerve and muscle.

Jones, et al. (1979) reported that fatigue during electrical

stimulation could xe dalayedJ if the stimulating frequenicy was

gradually lowered from 30 Hz to 20 Hz. The method described by Jones

mimics the body's natural slowing of motor unit firing rates during

volunt~ary cxntr-ictions. The consitant rates of muscle stimulation used

4n the Oreseanz szJY r1a:y tave led zo the decreased res-Oonsi veness atI

tne x.xe-iral junction previously dascrio-ad oy Jones. T--iis dec-reased

'lste-'ess, 1long with the _rfare-'I I + acivaio of Th I

fio-ers, mnay hiave contrib-zeJ to the decreas-a in torque ::eoorted

tlowing ei-?ctrical stiniiazion.

-ioslins, ez at. (1978) raoor:ed that the forcea decra ;nent d'uring

electricaL s:imaition was raLated to the stlimulating frequency. W~hen

stimulating at 30 Hz, Hoskins noted a 1,32 deacrease in muscle torque,

but wile stimualacing at 100D Hz, a 59.6% decrease was reported. The
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current study found no statistical difference in the amount of torque

loss when the burst modes were compared (Table 5). Perhaps the range

(50 Hz, 70 Hz, 90 Hz) was too narrow. Figure 9 shows that as the

burst mode increased, the torque loss also increased. This tends to

support Hoskins' conclusions. However, it must be emphasized that

this trend was not statistically significart (F = 1.20, p = .3042).

When carrier frequencies are compared, the amount of torque loss

decreases as the frequency rate increases. Decreasing torque loss as

the frequency increases is in conflict with Hoskins', et al. (1979)

observation as well as the trend noted when burst races were analyzed

in the present study. Perliaps at the narrower pulse duration (PD),

the stimulation ,ray be occurring during the absolute refractory periol

(ARP) of the muscle (10,000 Hz = PD 50 microsecond; 5,000 Hz = PD 100

microsecond; 2,503 Hz = PD 200 microsecond). Virtually every subject

tested reported that the 10,000 Hz carrier frequency caused a jerking

muscle contraction. This jerking type of contraction can be easily

observed when via4ing the torque curves in Figure 20. The smooth

Force decremen:s of the 2,500 Hz and the 5,030 Hz carrier frequencies

can oe ea3siv -ontasteJ with the 10,0O) Hz carve. rne regular

oao:efn of ri.=ng and falling zorqa-e readings deoicted in Figure 23

Tay indicate :nat it tIe 13,030 Hz carier frequency, the aadriceps

emoris mscl= is no longer undergoing a sm~on -e-anic conzraccion.

The jerking contraction may oe caused !y the short PD of the 10,030 Hz

zarrler frequenzy simuiz:ing the muscle during its ARP. Also recall

that the 10,030 Hz carrier frequency caused significantly greater

suDjecc disconfort than either the 2,500 Hz or 5,000 Hz cArrier

frequency. Tnis subject disconmfort ;nay have caused a contraction



Figure 20 - Typical torque graphs at various burst modes and carrier

frequencies. A) 90/2,500; b) 90/5,000; C) 90/10,000.
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of the hamstring and quadriceps femoris muscles and a distortion in

the torque curva. However, the symnetry and consistency of the

pattecn in Figure 20 leads me to believe that at the 10,000 Hz carrier

frequency there was not complete tetany during the 12 seconds of

rmaximail stimulation.

Changes in the Area Under the Negative Deflection of the Muscle Action

Potential Following Electrical Stimulation

The nine combinations of burst and carrier frequencies caused a

significant decrease in the area under the negative deflection of the

muscle action potential (t = 11.54, p = .0001) (Table 6). Recall that

Fowler, et al. (1972) reported that the area under the negative

deflection of the MAP is indicative of the number of active motor

units. Basrnajian and DeLuca (1985) concluded that at force levels

similar to those tested during this protocol (a minimum of 50% MVC)

there is a direct relationship between EMG activity and force. Since

there was a significant decrea&e in &MG activity after electrical

stimnlation, one can conclude that less motor units were active after

stimalation than oefore electrical stimulation. The decrease in the

area under the negative defleczion of tne EMG3 curve ranged from a maan

of 33.7 ran2 to 2.3.3 rn'.2 . Figure 21 is an example of the pre- an

post-stimlaizon grapns ootained from tne Zadweil EMG unit. :ne

reasons for changes in motor unit activity as well as fiber type

suszeptioilicy to electrical s:imuIa:ion was discussed in detil in

the previous section.

The ANOVA in Daole 9 disclosed an interaction between burst and

carrier frequency which necessitated utilization of the grapn in

Figure 13 to oetter visualize the effect of the independent variables
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Figure 21 - Example of pre- and post-stimulation gr.iphs obtalined from

the Cdwell EMG Unit. A) 90/2,500; b) 90/5,000;

C) 90/10,000
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upon the recorded EMG signal. The interaction .among the levels of

independent variables appears to occur when the 10,000 Hz carrier

frequency is employed. Recollect from the previous discussion of

torque loss following electricil stimulation that the 10,000 Hz

carrier frequency caused significantly lower torque decrements than

either the 2,500 Hz or 5,000 Hz carrier frequencies (Figure 11). Wi.2n

viewing the EMS changes, there is a consistent decline in EMS across

all the burst modes from carrier frequencies 2,500 Hz to 5,000 Hz.

This trend in EMS decraenent persists when the 50/10,000 Hz and

70/10,000 Hz comnIinitions are visuilized, but the 90/10,000 Hz

frequency linking disrupts the trends seen with the other mixes.

Basmajian and DeLuca (1985) reported an increase in EMS activity with

incredased suoject anxiety. This increased EMS activity may be an

explanation for the unexoected increase in EMG noted at the 10,000 Hz

carrier frequency level. The 10,000 Hz carrier frequency was

significantly more painful than either the 2,500 Hz or 5,000 Hz

comoinations. No suojecz chose a 10,000 Hz carrier frequency

comoina-ion as the most c>nfortable. The increased pain experiencei

d'-iring stimulation wizh the 10,000 Hz c:arrier freqaencies may na've

inzreasei suojects anxiety to :ne pDint of affecting the post

s~imula-ion EMS :eaiing. Suo ject anxiety .ly pattially explain the

uLnexoecei increasa 4n EMS activity it the 10,&00 Hz carrier

frequency. 1f the 90/10,00 Hz canoination is ignored, Figure 13 is

qauite similar to Figure i which Jocunents a decreaas in torque loss

as the carrier frequency is increased.
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Torque and EMG changes following electrical stimulation were

quite similar during this experimental protocol. There was an overall

30.3% decrease in corque following electrical stimulation (at any

combination) and a 25.3% decrease in EMG area (TaOles 4 and 8).

However, an insignificant Pearson's product *m-vent of r = .115 was

dcawn Oetween the two variaDles. This poor correlation between

torque and EMG changes may have been due to the unusual interaction of

the 10,000 Hz carriec frequency when the area under the negative

deflection of the MAP was :nesured. The increased pain experienced oy

the subjects when the 10,000 Hz carrier frequen:y was being used may

have contributed to the poor correlation between these variables.

Pain Associated with Electrical Stimulation.

Both the burst mode and the carrier frequency of the stimulating

current significantly affected the subjects' pain ratings throughout

this study, (Tables 12, 13; Figure 16). The Duncan grouping shows

that the 90 Hz ourst mode was significantly less painful than either

the 50 Hz or 70 Hz burst modes. Although the 50 Hz and 70 Hz burst

modes were not significantly different, there is a trend of decreased

pain percep-ion mong s aojeczs as tne ourst mode increases

(Figure 1-.5". 'rnis tren of der paea in perzepzion is in agreenaent

4i-:n Alon's (1937) asser:-in rtat ais the frequency of stimulation

-icreaseas, tna oainiul resoonse d.zreas-s. klon notes tnat as tne

freue nzy of a stimulating cur-en. increases, it lowers the skin

resistanc- and alL)ws a dea.per .enatrition of the stimulating current

than lower frequen:ies. Since pain conducting nerve fi e4rs ace

orlieved to rie m e superficially located than mDtor fibers,

(DeGirardi, et al., 1984; Alon, 1987), the higher frequency
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stimulation is believed to minimize pain fiber stimulation (Alon,

1987). Vodovinik, et al. (1965) and Crochetiere, et al. (1967) also

reported a decrease in painful sensory response as the frequency of

the stimulation increased. The data in Phase II agree with the Ptase

I findings as the 90 Hz ourst mode was by far the most frequently

chosen frequency (Table 14).

In nirked contrast to the data on burst modes, the carrier

frequency information reported in Phase I and Ii shows -in opposite

leaning (Tables 12 and-4, Figure 16). Here, as the rite of the

carrier frequency increased, suojects reported more pain. The 10,000

Hz carrier frequency was significantly more painful than that of

either 2,500 Hz or 5,000 Hz. The explanation for this reversal of

pain/frequency concept nay lie in the jerking sensation (i.e., unfused

tetanic contraction response) reported by all the subjects tested when

this carrier frequency was used. As mentioned previously, the jerking

muscle contractions caused by the 10,000 Hz carrier frequency may nave

caused increased subject apprehension. Several subjects stated that

"-- ~el: my muscies were tearing." The torque cur-:ez ;n Figure

23DJo-i:zs :ne oeriouic contraction and relaxation oosirvid during

'D,030 Hz stin:ation. Tnis acorehension caused several suojeccs to

ctc eir nams.rng mscles in an aztemp to alleviate the

jer<ing motion. I cautioned the suojects to avoid any hamszring

activity. I was aole to control this tendency oy visual inspection of

he namstring muscles and in one case, by palpation of tne h mstring

muscle group. Because of the suoject discomfort associated with the

10,000 Hz carrier frequency, I believe that the i0,000 Hz carrier

frequency mode is unacceocible as a clinical tool. As stated
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previously, no subject found any burst mode accompanied by a 10,000 liz

carrier frequency to be an acceptable combination. The range of

discomfort reported in this study was fcon .2 cm to 9.6 cm

(Appendix C). Both the 9.6 cm ratings involved a 10,000 Hz carrier

frequency. When the oar chdrt depicted in Figure 17 is viewed, the

comoination of 90 bursts and 2,500 carrier frequency received the most

favoraole rating during Phis3 I. Even though this finding of higher

carri.er frejuencies causing increased pain is stronjly supported by

the dica, I feel the high pain ratings were partially due to the

jerking contractions of the quadriceps femoris muscles during

stimulation. th , 3e jerking contractions were especially oovious when

a 10,000 Hz carrier frequency torque curves are compared to the 2,500

Hz and 5,000 Hz torque curves (Figure 20).

Although subjects rated the discomfort itnediately following eacn

stimulation sequence, an interesting pattern of delayed onset of

muscle soreness (DOMS) emerged as the study progressed. Approximately

30% of the subjects report delayed onset of muscle soreness 24 to 48

hours following at least one stimulation session. Two s-iojects

repor-ed severe soreness 24 nours -fter stimulation and descrioed tne

>in as similar :o wa:: tney experienced After resu.nin ne _ weignz

ltfting ragmer .. af -e a long layoff. McCu!ly and Faulkner (1985)

oemonstra-ei tna DOMS is associated with eccentric exercise and is

not e mons:rated following isometric exercise. Ga.ret (1833)

describes the DD'AM following sudden high intensity mus:le

contractions, while Friden, et al. (1981) report that the majority of

the muscle fi r damage associated with delayed muscle soreness was to

tne Ty p II fioe-s. The association of delayed muscle soreness to
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sudden nigh intensity muscle contractions and to Type II fioer damage

lead me to oelieve that following electrical stimulation, especially

at 10,000 Hz carrier frequency, there is an increased risk of delayed

muscle soreness.

The Changes in MiIliamperage Necessary to Produce 50 Percent of a

Suoject's MVC at Various Combinations of Bursts and Carrier

Frequencies in Phase I and II.

The A-NOVA in Taule 10 reveals that only the carrier frequencies

of the tested stimulation combinations significantly influenced the mA

necessary to produce 50% of a suDject's MVC in Phase I. The Duncan

post hoc analysis shows no statistically significant difference

oe:ween oursz modes, out Figure 14 reveals a trend of decreased

amounts of milliamperage necessary to produce 50% of a suoject's MVC

as the burst frequency increased from 50 to 90 Hz. On the ocher hand,

Figure 14 shows that 10,000 Hz carrier frequency required

significantly less milliamperage to stimulate the quadriceps femoris

muscle to tne required level (x 19.7 mA). A 2,500 Hz carrier

re -red significantly more mA than 10,000 Hz (X = 35.4 mAi), out

siznif:zan_-'; less than 5,000 Hz (X = 43.4 mA) whicn requiced the most

miI-amoe.. :o rea-n the goal of 50% !AVC. Figure '3 illustrates

tna. when ourszs and carrler frequencies are comzo.ned, a comoiaa:ion

of 90 Hz ors: and 12,000 Hz carrier frequency is the most efficient

pdirng X = 19.3 mA, SE:. = 0.42 .TA) while ne 5D Hz burst, 5,000 Hz

carrier freq-eincy comnoination was the least effeccive (X = 44.1 nA,

SEM = 2.42 -A). Tne reason for these differences in miliamperage is

not clear when examining the Phase I data. Recall from the discussion

of the pain data chat the 10,0O0 Hz carrier frequency appears to oe
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unacceptaole for clinical use. When the frequency cotnoinations

concaining 10,000 Hz Are eliminated, the 90 Hz burst, 2,500 Hz carrier

frequency emerges as the comoin:tion that yields 50% 14VC with the

Least amount of milliamperage (Figure 17).

When the milliamperage is periodically increased in Phase II to

rnintiin the desired 50; MVC, the 90 Hz burst, 2,500 Hz cArrier

frequency required the greatest percentage increase (Taole 14). The

fact that 90 Hz ourst and 2,500 Hz carrier frequency required the

largest increase is not surprising as in Phase I 3 Durst node of 90 Hz

caused the greatest decrease in torque, while a cdrrier frequency of

2,500 Hz produced similar results (Figure 9). The increased amount of

milliamperage necessary to maintain 50 MVC when the 90 Hz burst,

2,500 Hz carrier frequency was used is oecause of the increased to-que

loss caused by this comoination. The more f-tiguing the

Ourst/frequency combination, the greater the increase in milliamperage

necessary to maintain a specified torque reading. At each subject's

chosen frequency from Phase I, no suoject was unabie to tolerate the

increase Jn miiliam orage needed to produce a muszie contrac:ion

ec-i v an: zo 50% Mvc. One subjez- sustained a ))% increase in

milliamoe--age to -ain.ain 50% of his MVC without caomlain.-ing of

increased oain. Once a coinfortabie od.st/zarrie e fcquenzy

co-nirna:ion i3 identified Oy a suojec-, he can Orer tole.-ate

increases in stimulating intensities than when :he op-izal

oarst/cArrie frequency is not applied. The key co the clinical use

of :nis -nodality appears to lie in the identification of a frequency

comol2Lation acceptaole to the subject undecgoing nigh intensity

electrical stimulation.



Chapter 5

SUnMARY, CONCLUSION, AND

ROCONMEND.ATIONS &'OR FUJRTHER STUDZ

Surmairy

The purpose of this, study was to inlvestiga.te whAt effect

electrically stimul-iting human skeletal muscle at various combin-itionis of

burst nodes and cacrier frequencies has on mnuscle fatigue and pain

perception. By using human subjects and clinically availaole stimulating

comainations, this investigator hopas that the conclusions drawn frofn

this study will enhanca the use of t~nis modality in physical the rapy and

soorts mnedicine clinics.

During Phia I of this study, I found that electrical stimulation of

the quadriceps femoris muscle by each of the nine combinations of bursts

and carrier frequencies brought aoout 50% MVC in each subject tested.

All the tested frequency combinations significantly reduced the torque

following the tenth muscle contraction recorded by t-he Cyoex _71

'4ynianazr 7 = -30.3%). F'uither dfentainof thie daz a snowed

thnat tne carriec frequency of the s!:Jtiuating current had a significant

im:on cdcr-iasing :ruwnilza tne b--r-s:- no&c of --a crrant did no:

tiefc. :1ac'nan-g- in orue :e D-un--an oos:t no: analysis of t:I-? datA

revJaLB- a :nza: -he 10,000 Hz carrie:r teucycaused significantly l-ass

Jo-z u::: anen1_ t~ine~ the 2,5.00 Hiz or 5,000) Hz carrier

freqences. Tne latrtwo carrier frequeincies werea not significantly

4i"-erent 'romn each ote.However, ti are- was a trend showing :n-t as

the rate of the bu-rst in-Yie7 increasaed from 33 to 70 to 90 '1z, a1 greater

1 22
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amount of torque loss was observed. The 70 Hz burst mode coupled with

the 2,500 Hz carrier frequency caused the greatest torque loss while the

50 Hz burst/l0,000 Hz carrier frequency caused the least torque decrement

following the tenth muscle contraction.

There was a statistically significant decrease in the EMG (negative

deflection of the MAP) recorded pre- and post-stimulation of the

quadciceps fenoris muscle (T= -25.3%). As in the torque datA, only the

carrier frequency significantly affected this neasurement and a trend of

a gc-eater /ecrease in F G area was noted as the burst mode increased.

Post hoc testing of the carrier frequency deionstrated that the 2,500 Hz

carrier frequency caused a significantly greater loss of EMG area than

10,000 Hz or 5,000 Hz carriers. The 10,000 Hz and 5,000 Hz carrier

frequencies were not significantly different from each other.

In Phase II only the subject's most tolerable frequency comoina-tion

was utilized. 4hen the decrease in EM-S recordings fron Phase I was

compared to the decreases of the same frequency combina-ions in Phase II,

a significantly greater loss of E.iG area under the negative deflection of

ne aP was realized in Phase II.

-. ±hougn bozh torque and EMG readings dezrease significantiy

fzI..oin: a tooe of 13 elezzrically induced rnus:e con z:'cons, znere

non-s n cant ore-- ion be-_ween tnese :D'o a;:aoias. ' n

conzras: -o :ne or-eceding -wo dependent variaolas, ooth burst mode and

farrier frequency significantly influenced he oain ra-incs of the

suojects tested. The 93 Hz burst mode was significantly less jainful

tan eiz:her zhe 50 Hz or 70 Hz current configuration. The 50 Hz and 73

.iz ourst :nioes ware not significantly different fron each orner. A treno

of increasea subject tolerance was ooserved as the burst :node increased.
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Interestingly, the carrier frequency data showed a trend contradictory to

the burst mode results. As the c arriec frequency increased, the

subjects' rating of perceived pain became elevated. When Phase I pain

data were analyzed, the combination of 90 Hz burst mode and 2,500 Hz

carrier frequency was preferred by G7% of the subjects te:sted. This

burst/carrier frequency combination supports the trends noted when Phase

I data were examined. No subject chose a frequency combination that

cont-ined A 10,000 Hz carrier frequency.

When all the tested frequency combinations (N = 9) from Prlsa I were

group ?d, a mean intensi~y of 32.8 mA was required to provoke the required

50t WVC. v4hen viewed individually, the 90 Hz ourst and 10,000 Hz carrier

frequency required the lowest intensity, while the 50 Hz/5,000 Hz

burst/carrier frequency required the greatest intensity. When the

independent variables were viewed individually, only the carrier

frequency exhibited a significant influence on the mA necessary to bring

aoout 50 tVC. The 10,000 Hz carrier required the least milliamoerage of

current, while the 5,000 Hz carrier required the most to achieve 50% 14VC.

During Phase II - when the milliamoerag_ was _eriodically increased

after each two contractions - the 90 Hz burst mode coupled witnl tne 2,5J0

-z zrr i2 fr-aquency required Zne g re:es: increase '.n milliampefage to

-ainrain n-ie 35 V orzue rea'in . Recall Znat du-ring Phase 1, zne

niche_- ourt :nflOes ani tne lower zarrier ffreqienciies ten-ied to cause the

a:-es: loss of torcue (Figure !0). Piase i: confirns tnis finiing.

Dm2 w'oui exoecz - greater increase in :A -D be cquired to 31inta.n 50

74AV as the scim-ilaiinig current mezones ;ore. fatiguing.



125

Conclusion

Considering the limitations of this study, the findings justify the

following conclusions:

1. Electrical stimulation of human skeletal muscle at an amplitude

sufficient to produce 50% of a healthy subject's MVC results in a

decrease in torque and a decrease in the area under the negative

deflection of tile EM3 signal recorded fron the stimulated muscle. The

degree of torque loss oc EAG area decrease is dependent upon the

frequency and intensity of the stimulation current.

2. The amplitude of sfimulation (mA) necess-ry to bring about 50% MVC

of a given muscle group is dependent upon che frequency of the

stimulating current. All of the frequency combinations used in this

study were capable of stimulating the quadriceps femoris muscle to

produce 50% MVC.

3. Subjects' oain tolerance is contingent upon the stimulating

frequency and the intensity of stimulation. Variations in either the

burst mode or cdrrier fcequency of a stimulating current can alter a

sxoject's pain resoonse.

4. when torque Proouccion decreases as a resuli of electrical

s-imuia:ion, an incredse in cuccen: inaensi:v will re-esa--olish :ne

des-~e~zrque level 5)5t IVC).

5. :n the context of this study, -here was no cofrelazon bezt4een

torque and EMG changes following electrically induced muscle s-imuj!:ions.

0. In addition to thei disco nfort encountered ducing electrical

stimulatLon of the quadriceps femuris mscle -o produce 50% AVC, there

-nay oe delayed onset of muscle screness occurring 24 to 43 nours after

Stifnulation.
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Recoinendations for Further Study

The use of muscle biopsies both pre- and post-stimulation would have

allowed an objective review of the enzyme changes occurring after

electrically induced muscle contractions in humans and make additional

assumptions as to what is altering the enzyme composition within human

muscles. This study of muscle enzymes would have entailed a muscle

biopsy and required additionil review by the H-,uman Investigations Review

Co:rni ttee.

I was only able to soeculate on where the fatigue (decreased torque

production) was occurring in the chaiin of motor activity beginning t the

tnotor cortex and terminating with the interaction of actin and myosin.

Further analysis of the "4" wave both pre- and post-stimulation would

have allowed me to objectively view changes in the motor unit activity.

Again, as with the addition of a muscle biopsy, this enzyme study

procedure entails an increase in subject discomfoL-t.

Allowing subjects to maximally contract their quadriceps femoris

m ascle while being electrically stimulated may have yielded additional

infor-ition on fatigue and pain peo:pzion. Clinically, when pazienzs

are allowed to maximally contract the miscle .)_ing stimulated, far

reaze-r Zmolid5es of 5 -im1iaion are tleArted.
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CONSENT FORM

TITLE OF STJDY

Effect of Variation in the Burst Mode and Carrier Frequency of High

Intensity Electrical Stimulation on Muscle Fatigue ind :' ini Perception in

Healthy Subjects.

I, , consent to participate in a r-suarzh study under

the dicection of James G. Rooney, P.T. and Dean P. Currier, P.T., Ph.D.,

to be conducted at the University of Kentucky.

I understand that the purpose of the study is to determine the

effect that variations in the burst mode and carrier fcequency have on

muscle fatigue and pain perception. The carrier frequency (the number of

cycles pec second) will be interrupted periodically (burst node) and the

various co,=inations of burst moca and carrier frequency statisticaily

analyzed to determine the effect of various comoinations on fatigue an3

cai-.

A :horough 3escriotion of :ne prozedures to Le_ used nave oeen

exolainei to ne ai nders-and that triere -ay oe disco nfort In the

.nign mlszles durini sinulazion. The discomfort can best be described

as a dull zra-nning sensat-ion in the thigh muscle. I also understand tat

i will Oe_ able to control the intensity of the stimulazoc during the

expe>rimnenta-l session. The procedur? is as follows: I) during a

am:niliarization session, my height, sex and weight will be ricorded.
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2) My maximum isometric knee extensor torque will be determined using

the Cybex isokinetic exercise unit. The highest reading of these

repetitions will be recorded. 3) 1 will be given time to familiarize

myself with the illectr-ostim 180-2i high intensity electrical stimulation

unit. 4) Following the familiarization session, there will be three

additional experimental sessions. During each of these experimental

sessions, I will randoml~y receive one of three predetermined burst modes

(50, 70, 90 Hz) combined with a randomly chosen c-Arrier frequency (2,500,

5,001), 10,000 Hz). I will receive ten stimulations with each co-abination

and exo,::rieace three c6obinations per session. 5) Immediately following

the tanth stimulation, I will be asked to rate the discoinfoct

experienced, using a visual scale. 6) A final experimental session will

determine the effect of incrementing the intensity of stimulation on

fatigue, Egain and torque. The least painful stimulating combination from

the first three sessions will oe used and I will control the intensity.

Again, ten stimulations will be given.

It understand that it will be necessary for me to receive electrical

stimulation during four to fiva experimental sessions at various

frequ ncieas -Ind inzarnsi:ies of' stimilation. S-ach session will lasz

forty-Fiv-a i-inuties.
uner-ndtat may' wi::ndraw mnv consent _ nd discoDntinu'e

oa ti i atonin tiia rese-arca at any::ie w-:ou "1LCPIE uice to 'Te.

undrstnd :Ia:, in the ee ofI oyilinjuy resultinlg f-rom

thne rZsearCh~ )rocedujre in W.11-.1 T aml to oarLici-3at?, no ZLor7S Of

comnoens-tion are availaole. Medical treatment may be Provided at: my ownM

expense; by the Veterans Ad-ministration Medical Centeir, if I am eligible;

or atl the expanse of my heilth care insarer (i.e., Medicare, Medicaid,
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BC/BS, etc.) which nuy or may not provide coverage. If I have questions,

I should contact my insurer.

I hiva been inforLmed of the various contraindications and risks

which would keep me fom participiting in this study. These include

cardiovascular problems ind pacekrvkers.

I authorize James -. Rooney and Dean P. Currie- to keep, reserve,

use and dispos,;e of the findings fron this research with the provision

that my name not be -ssociAted with any of the results.

I h-ave been given the opportunity to ask, and hav-, answered, any

questions concerning the pcocedures to be used during this r:ese-cch. I

understand that I will oe paid twenty-five dollars by check approxi:mataly

six weeks after completion of the study *-ending approval of a grant from

the Kentucky Chapter of the American Physical Therapy Association.
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Questions have been answered to my satisfaction. I have read and

undarstdnJ the contents of this form and have ceceived a copy.

W i tness Da te

Par-ticirxnt Da te

I nave explained and defined in detail the resaarch procedure in which

tha subject has consented to participate.

Si-gna a e Dae
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Subject Body Weight Height Torque Force

(kg) (cm) (N.m) (N)

1 72.7 183 219.6 726

2 72.7 165 219.6 726

3 77.2 183 223.7 739

4 66.0 173 146.4 484

5 70.4 130 204.7 677

6 68.1 178 196.6 650

7 80.9 180 223.7 740

8 79.5 183 199.3 659

9 81.8 133 220.9 730

10 63.6 175 172.2 369

i 77.2 175 196.6 650

12 93.1 193 230.5 762

13 79.5- 183 220.9 731

14 73.1 180 197.9 654

15 54.5 163 146.4 484

16 76.3 133 244.0 807

17 61.3 173 196.6 650

18 82.7 183 204.7 677

19 77.2 180 219.6 726

20 65.0 175 195.2 645

21 67.2 175 196.6 650

22 54.5 160 146.4 434

23 81.8 163 204.7 677

24 60.9 175 199.3 659

25 58.8 165 196.6 650

26 61.3 175 149.1 493

27 73.6 173 196.6 650
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